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ANOVA Analysis of variance
BMC Bone mineral content
BMD Bone mineral density
BMI Body mass index (weight/height2, kg/m2)
BUA Broadband ultrasound attenuation
CaHA Calcium hydroxyapatite
CV Precision
CoV Coefficient of variation
DPA Dual photon absorptiometry
DXA Dual energy x-ray absorptiometry
F Fast Spine acquisition protocol
FA Forearm acquisition protocol
HH Hologic Hand protocol, new software
MR Magnetic resonance
P Performance Spine acquisition protocol
pQCT Peripheral quantitative computed tomography
QCT Quantitative computed tomography
QDR Quantitative digital radiography
QMR Quantitative magnetic resonance
r Correlation coefficient
RA Rheumatoid arthritis patient
ROI Region of interest
SD Standard deviation
SOS Speed of sound
SPA Single photon absorptiometry
SXA Single x-ray absorptiometry
Sv Sievert
TBBMC Total body bone mineral content
TBBMD Total body bone mineral density
US Ultrasound
W Weight
Build up plate used
Scans analysed with default linearity correction coefficients
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Definition of Some Terms
Auto-scan facility: A scanner facility that allows repeat measurements without the
intervention of the operator.
Linearity: A proportional relationship between the measured BMD and correct BMD.
Linearity correction coefficients: The software environment variables that correct for
non-linearity with BMD.
Line spacing setting: This measurement shows how much the scanning arm steps
between each pass of the scanning arm. The line spacing (or space between the lines) in
the Fast Spine acquisition protocol is 0.2007 cm and the line spacing in the Performance
Spine acquisition protocol is approximately one half as large as in the Fast Spine
protocol. The line spacing in the Forearm acquisition protocol is the same as in the
Performance Spine protocol. The line spacing for Whole Body scans is fixed at 1.303 cm.
Resolution: This is the scan line width divided by the number of samples. It has the
standard values of 1 mm for the Performance and the Fast Spine acquisition protocols.
The resolution for the Forearm acquisition protocol is 0.5 mm. The scan resolution for
the Whole Body acquisition protocol is fixed at 2 mm.
Sub-regional analysis: The scanner has a sub-regional body composition facility that
allows the measurement of regional body composition.
Threshold: A threshold selects which density values are identified as
bone or soft tissue.
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Abstract
Osteoporosis is a skeletal disease, reflected by the progressive reduction of bone mass
and increased bone fragility which affects 1 in 4 women and 1 in 12 men. One in 5
people sustaining a hip fracture die within 6 months and many more become highly
dependent.
Due to the role of bone mineral contribution to the skeletal integrity, quantitative
methods of its evaluation are required to assess fracture risk, follow progression of
disease and evaluate the effects of treatment. Although there are several risk factors for
the prediction of fractures, reduced bone mineral density (BMD) is the strongest
predictor. There are several methodologies available for bone mineral measurement. Dual
energy x-ray absorptiometry (DXA) has an overall advantage in terms such as precision
and radiation exposure. It is a well-established method and has the potential ofmulti-site
measurement. Although DXA is widely used to assess bone mineral of the spine and hip,
little use of the technique has been made to investigate other sites of the body. Therefore,
appropriate methods were developed to measure the hand, os calcis and tibia. Anomalies
of total body DXA were investigated and an alternative method of measurement was
developed. A Hologic QDR-1000W DXA system was used for the investigations.
Hand bone mineral measurement is ofparticular interest in rheumatoid arthritis patients
(RA). A hand phantom which provided a convenient means of evaluating various
protocols and assessing long term precision was developed and used for the
investigations. The conventional protocols differ in factors such as scan speed, linearity,
tissue depth dependence and precision. Therefore, four DXA protocols were developed
and evaluated for various factors. A new protocol was also evaluated to establish the
optimum method of measuring hand bone mineral. The new protocol and the optimum
'developed' method showed no significant difference in terms ofprecision, linearity, soft
tissue, posture dependency or separation ofRA and normal subjects. The RA patients had
significantly lower hand bone mineral (P <; 0.01) than the normal subjects.
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A technique was developed for the assessment of os calcis. An os calcis phantom was
constructed and used to assess precision and the effect of size of region of interest (ROI)
on precision. In-vitro precise (CV = 0.4%) and linear measurements were achieved
independent of the size ofROI and soft tissue. Two different ways of subject positioning
and two ROIs for the measurements were established, using a group of subjects. In-vivo
precise measurements (CV^l.1%) were achieved for both ROIs. The BMD of the os
calcis was measured in a group of normal subjects and also in patients who were
diagnosed as osteopenic/osteoporotic based on the spine and/or femur BMD. T-scores
for the os calcis were calculated for both ROIs and compared with the spine and femur
T-scores in the patient group. There was no significant difference between the patients'
T-scores for the spine, os calcis and the femur.
A method was developed for the assessment of the various sections of the lower leg
(tibia/fibula). Measurements were linear and soft tissue independent. Precise
measurements (CV <: 1.4%) were achieved for the proximal and total lower leg. The
rotation of the legs showed the least effect on BMD measurement of the proximal lower
leg. Two groups of normal and osteopenic/osteoporotic patients were compared for the
BMD T-score of the various sites of the body. The difference between the groups was
more significant at the spine. However, the bone loss at the proximal/distal lower leg was
as significant as the bone loss at the femur neck/total femur. Excellent correlation (r =
0.92, p < 0.0001) was found between the proximal lower leg T-score and the total femur
T-score. This correlation was as close as the correlation between the femur neck/total
femur and the proximal/distal lower leg BMD T-score.
Anomalies in total body bone mineral have been observed during weight change. A total
body index (TBI) was therefore developed which related total bone mineral content to
stature. In-vitro and in-vivo effects of changes in weight and soft tissue composition and
positioning were investigated, using a whole body phantom and a control group. Two
groups of anorexic and normal subjects were compared for the TBI, total body BMD and
the spine BMD. TBI showed a higher difference between the anorexic and normal groups
than total body BMD and as high as the spine BMD. Precisions of TBI and total body
BMD measurements were comparable.





Osteoporosis is a crippling and painful disease which affects 1 in 4 women and 1 in 12
men (National Osteoporosis Society (NOS), 1995a). The progressive decrease in bone
mass leads to an increased susceptibility to fractures, which result in substantial
morbidity and mortality (Consensus Development Conference, 1993).
Bone mineral areal density (BMD) expressed in units of g/cm2 is defined as the ratio of
BMC/Area, where BMC (g) is the bone mineral content and Area (cm2) is the bone cross
sectional area. Although there are several risk factors for fractures, reduced bone mineral
density is the strongest predictor (Leichter et ah, 1982; Wasnich et al., 1987; Cummings
et al., 1992). Figure 1.1 compares a normal bone with an osteoporotic one.
The first sign that one is suffering from osteoporosis may be a broken bone, often caused
by only a minor bump or fall. Any bone may be affected but the forearm, hip, spine and
ribs are more at risk of fracture. Very fragile bones may break just by coughing or
stretching.
Another sign is loss of height caused by the bones in the spine becoming weak and
crushing together. If several are squashed then the spine will start to curve. Dramatic loss
of height is more common in male than in female sufferers, with 10% of osteoporotic
men suffering a height loss of 5 to 10 inches (NOS 1995b).
If the spine becomes severely deformed, one may have breathing difficulties due to loss
of space under the ribs; the head may protrude forward and the stomach may start to
bulge. This may reduce mobility and cause changes in lifestyle.
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Figure 1.1 Enlarged sections of normal and osteoporotic bone (From NOS, 1995b).
1.2 Health-related and economic costs
1.2.1 Mortality
In Britain substantial evidence is now available that osteoporotic fractures may lead to
significant disability and death. Every year there are over 60,000 hip fractures resulting
in more than 40 premature deaths a day (NOS, 1995a). Hip fractures are associated with
a 20% excess mortality in the initial six months following fracture (Cummings et al.,
1985). Recent data suggests that vertebral fractures are also associated with significantly
increased mortality (Cooper et ah, 1993).
1.2.2 Morbidity
Osteoporotic fractures are associated with serious disability (Cooney, Marottoli 1993).
Complications adding to the rehabilitation problems include pneumonia, pressure sores
and urinary tract infections. According to the Department ofHealth, around 50% of hip
fracture victims may become totally dependent upon help from others (Minister of
Health, 1987).
The annual incidences of morbidity and mortality from the main causes in post¬
menopausal females are compared in Figure 1.2. The annual incidence ofmorbidity is
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considerably higher in women with osteoporotic fractures than in women having either
breast cancer or endometrial cancer or even a combination of both kinds of cancers.




Figure 1.2 Annual incidences ofmorbidity and death from major causes in post-menopausal women (From
Henderson et al., 1986). IHD, Ischemic heart disease.
1.2.3 Economic costs
Osteoporosis causes more than 150,000 fractures each year in the United Kingdom
(Compston et ah, 1995). Over 10,000 men in the UK suffer fractures of the spine, and
12,000 fractures of the hip (NOS, 1994a). The resulting cost to the National Health
Service (NHS) is estimated to be £750 million a year (NOS, 1995b).
1.3 Risk factors
Due to cost and the limited number of bone scanners mass scanning of the population is
not possible, so in clinical practice selection of patients for bone assessment should be
carried out. People with the following criteria are at high risk of bone loss.
• Women who have had an early menopause (before 45) or an early hysterectomy.
• Women who have suffered in the past from anorexia nervosa or bulimia.
• Women who have over exercised, as do competitive runners.
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• Men and women who have already had a fracture after a minor fall.
• Men and women who have lost height due to fracturing vertebrae in the spine.
• People who have been treated with corticosteroids for a long time.
• Patients with a strong family history of osteoporotic fracture. Smokers and heavy
drinkers.
• Patients with rheumatoid arthritis, malabsorption, male hypogonadism.
• Patients with cardiac, liver and other transplants as well as immobilising diseases.
• Patients with chronic gastrointestinal disease, liver disease, diabetes, paget's disease
or renal lithiasis.
• Hyperthyroidism and over-treatment with thyroxine, renal disease and adrenal
disorders.
Race and sex are two of the factors known to affect bone density, so it is necessary to
obtain normative data for every population. In order to construct a normal range people
with the above criteria should be excluded, because of being at high risk of suffering
from the osteoporosis.
1.4 Methodologies for the assessment of bone
Non-invasive techniques for the determination of BMD have been available since the
discovery of x-rays by Roentgen in 1895. In the past decade, considerable progress has
been made to develop methods to evaluate the skeleton non-invasively to detect
osteoporosis at its early stages, its progression and its response to treatment. Clinicians
are now able to assess the peripheral, central and entire skeleton as well as trabecular or
cortical bone envelopes with a high degree of precision and fairly good accuracy.
The performance of a bone densitometer is characterised by its precision, accuracy and
diagnostic sensitivity. Precision reflects the ability of a system to reproduce the same
results in repeated measurements. Accuracy means the ability of an instrument to
measure the same bone mineral of a subject as measured by another independent 'gold
standard' method such as ashing. Diagnostic sensitivity refers to the ability of a system
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to differentiate between normal and osteoporotic individuals and to measure age and
disease-related bone loss.
1.4.1 Radiographic absorptiometry
Also known as radiographic photodensitometry, radiographic absorptiometry depends
upon measuring the optical density ofx-ray films ofbones and it is the oldest quantitative
technique for assessing bone mineral. Although radiographic absorptiometry is an
inexpensive and readily available technique its application was initially imprecise. A
coefficient of variation (CV) of 9 to 10% was reported by Morgan et al. (1967). Recently
developed computer-assisted methods have improved precision (Matsumoto et al., 1994).
Yang et al. (1994) performed radiographic absorptiometry for bone mineral measurement
of the phalanges; short term precision errors of 1% for BMC and 0.6% for BMD and an
accuracy error of 4.8% were reported. Metacarpal, radius, ulna, femur and tibia have all
been studied, but measurements of the phalanges where the overlying soft tissue is
thinnest, have been more successful.
1.4.2 Single photon and x-ray absorptiometry
Single photon absorptiometry (SPA) was introduced by Cameron and Sorensen (1963).
The technique was widely used until recently and then replaced by single x-ray
absorptiometry (SXA) due to improved precision and spatial resolution and the shorter
scanning time (Bjarnason et al., 1995). Both methods offer measurements of bone at
peripheral sites of the skeleton such as distal, ultradistal radius and os calcis. A
radionuclide source such as 125I, or small x-ray tube, with a highly collimated photon
beam is used to measure radiation attenuation at the measurement site. In addition to
these sites, SPA has been applied to the femur, humerus and finger. Nicoll et al. (1987)
developed a method to measure bone mineral in the whole hand. SPA/SXA requires a
uniform soft tissue thickness and can therefore only measure peripheral sites which can
be inserted in a water bath.
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Very promising results have recently been published, showing the value of the os calcis
(as well as radius) in predicting osteoporotic fractures (Vogel et ah, 1988). Both methods
provide low exposure to radiation.
1.4.3 Neutron activation analysis
Application of neutron activation analysis to bone mineral determination relies on the
fact that 99% of the calcium in the body is in the skeleton. When the body is irradiated
with neutrons, many of its constituent elements become radioactive and can be quantified
by examining the characteristic gamma ray emission. Anderson et al. (1964) pioneered
the technique to show that sodium and chlorine could readily be measured. Chamberlain
et al. (1968) pursued the possibility ofmeasuring calcium by this method.
Accuracies based on phantom measurements of about 5% were reported (Tothill 1989).
Cohn et al. (1972) found a precision of 1% for anthropomorphic phantoms. Nicoll et al.
(1987) found in-vitro and in-vivo precisions of 1.8% and 2.9%, respectively. The original
technique for estimation of total body calcium, neutron activation analysis, is largely
unavailable, technically difficult, and rarely used, principally because of the high
radiation exposure.
For neutron irradiation of part of the body radionuclide sources are used, with a
reasonably inexpensive system. Sites studied were the hand (Maziere et al., 1979),
forearm and the spine (Smith and Tothill, 1979).
1.4.4 Quantitative computed tomography
Quantitative computed tomography (QCT) determines the true volumetric density
(mg/cm3) of trabecular, cortical or integral bone at any skeletal site. The technique has
been employed for the assessment of vertebral fracture risk (Cann et al., 1980),
measurement of age-related bone loss (Kalender et al., 1987) and osteoporosis and other
metabolic bone diseases (Genant et al., 1987). The validity ofQCT for spinal cancellous
bone measurement is widely accepted. The typical automatic analysis time for a spine
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measurement is a few seconds, and the total imaging time is several minutes. The technique can
be performed in single or dual energy modes, which differ in accuracy, precision and radiation
(Genant, Boyd 1977). In-vivo precision errors of 2% to 4%, and accuracy errors of 5% to 15%
for spinal QCT have been reported (Table 1.1).
Peripheral QCT (pQCT) bone scanners have been used to assess the peripheral skeleton. Initially
a radionuclide source (typically 125I) was used. However, more recently x-ray sources are
employed (Riiegsegger et al., 1991). pQCT allows for a true volumetric density measurement
of appendicular bone. Ease of use and the ability to measure cortical and trabecular bone
separately, make the method an ideal alternative to SPA or SXA. In-vivo precisions of 1.7% for
the trabecular, 0.8% for the total and 0.9% for the cortical BMD measurements have been
reported (Butz et al., 1994). In-vitro accuracy of the method was calculated to be 2% (Durand
et al., 1991).
1.4.5 Quantitative ultrasound
The use of quantitative ultrasound (QUS) to estimate skeletal strength has increased in recent
years. Its low cost, portability, ease of use and freedom from ionising radiation are its
advantages. These benefits, combined with preliminary clinical reports showing good diagnostic
sensitivity for fracture discrimination, have encouraged further basic investigation and
commercial development. Several QUS systems are now commercially available. These devices
measure ultrasound parameters mainly in spongy bone at the calcaneus and patella, cortical bone
at the tibia and integral bone at the phalanges. The measured parameters are speed of sound
(SOS) and/or the frequency dependency of the attenuation of the ultrasound signal, called
broadband ultrasound attenuation (BUA). SOS is measured at the os calcis, tibia, patella and
phalanges. More recently, a QUS system that measures SOS along the tibia has become
commercially available (SoundScan 2000, 1994). The precisions of SOS and BUA
measurements are about 0.3% to 1.2% and 1.3% to 3.8%, respectively (Table 1.1). SOS and
BUA can be used together to calculate stiffness. Precision of stiffness is about 2% (Lunar News
June 1994). However, it is more appropriate to normalise precision by comparing it with the
difference between young normal subjects and osteoporotic patients or the annual decrease in
post-menopausal women (Lunar News April 1996).
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1.4.6 Quantitative magnetic resonance
Magnetic resonance (MR) has developed considerably since its introduction to clinical science
in the early 1970s. Its application is based on high magnetic fields, transmission of
radiofrequency (RF) waves and the detection of RF signals from exited hydrogen protons. The
MR technique has revolutionised medical imaging. Recently, the potential of quantitative
magnetic resonance (QMR) and magnetic resonance microscopy (//MR) for the assessment of
osteoporosis has been investigated. Until now, MR imaging techniques have been mostly limited
to the study of soft tissue or of gross skeletal structure, because compact bone does not generate
any detectable MR signal. Flowever, newly developed QMR techniques have been used to study
spongy bone. An in-vivo precision of-3.5% for trabecular bone has been reported (Ouyang et
al., 1995).
1.4.7 Dual photon and x-ray absorptiometry
SPA/SXA measurements are not possible at sites with non-uniform soft tissue thickness such
as the axial skeleton, spine, hip or entire body. Therefore, dual photon absorptiometry (DPA)
techniques were introduced. The method uses a radionuclide source, typically 153Gd, at two
effective energy levels (Mazess, Barden 1987). Dual x-ray absorptiometry (DXA) was
introduced commercially as the direct successor to DPA (Stein et al., 1987). DXA uses the same
principles as DPA, but in DXA an x-ray tube replaces the radionuclide source. Beams of two
distinct energies are either produced by alternately pulsing the x-ray generator at two different
voltages or by selectively filtering an x-ray spectrum. The main advantages of an x-ray system
over a DPA radionuclide system are improved accuracy and precision due to better resolution
and the removal of errors caused by source decay correction. Another advantage is shorter
scanning time due to an increased photon flux of the x-ray tube (Kelly et al., 1988).
1.4.8 Comparison of different techniques
Precision, accuracy, radiation dose and the worldwide distribution of different types of bone
scanners are shown in Table 1.1. DXA bone densitometers have the highest world wide
distribution of over 6000 systems, because they have many advantages, such as the ability to
measure the various sites.
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Table 1.1 Precision, accuracy and radiation dose of the various techniques (Genant et ah,
1996). The main measurement sites and the world wide distribution sites are also shown.
Technique Precision Accuracy Effective dose
(World distribution) error (%) error (%) OSv)
Measurement site
Radiographic absorptiometry (500)
phalanx/metacarpal 1-2 5 -5
SXA/DXA (3000)
radius/os calcis 1-2 4-6 <1
DXA (6000)
antero-posterior spine 1-1.5 4-10 -1
lateral spine 2-3 5-15 —3
proximal femur 1.5-3 6 ~1
forearm ~1 5 <1
whole body ~1 3 -3
QCT (4000)
spine trabecular 2-4 5-15 -50
spine integral 2-4 4-8 -50
pQCT (1000)
radius trabecular 1-2 ? -1
radius total 1-2 2-8 -1
QUS (2000)
SOS os calcis/tibia 0.3-1.2 ? 0
BUA os calcis 1.3-3.8 ? 0
Dose for annual background -2000 juSv, for abdominal radiograph -500 //Sv, for abdominal CT - 4000
fjSv (Kalender 1992).
1.5 Operating principles of SPA/SXA and DPA/DXA
Figure 1.3 shows the operating principles of SPA in both air (A) and water (B). The
absorption is a function of the medium density. It is zero in air and increases as the beam
travels through the increasing thickness of soft tissue. As the beam hits a bone, the
attenuation increases much more quickly. When the arm is surrounded with soft tissue
equivalent material of constant thickness, such as water, attenuation through non-bone
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areas becomes constant (Figure 1.3B). The bone mineral content within the scanned path
is then proportional to the additional attenuation caused by bone.
Figure 1.3 Attenuation profiles for (A) a simulated forearm in air and the detector-source (above). (B) the
arm surrounded in a water bath with a constant soft tissue thickness around it. The effect on the baseline
is evident. (From Wahner and Fogelman 1994).
The soft tissue needs to be of a homogeneous material of constant thickness for the SPA
to work; otherwise, an acceptable baseline could not be defined. It is assumed that the
measurement site is composed only of bone, muscle and other types of soft tissue that can
be closely simulated by water. This condition is not completely met in the forearm. The
uniform appearance of the baseline is affected by both the fat surrounding the bone and
the subcutaneous fat. For certain measurement conditions, it is essential to correct for this
fat.
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Figure 1.4 illustrates three types of energy distributions used in DPA/DXA. The
attenuation characteristics differ for bone and soft tissue as a function of x-ray photon
energy which is the basis for the operating principle ofDPA and DXA. These methods
register attenuation profiles at two distinct energies. By multiplying the soft tissue
attenuation at one energy by a constant so that the difference between the two profiles
becomes zero over soft tissue areas, the algorithm creates the same effect as introducing
a water bath in SPA.
Energy
Figure 1.4 Energy spectra for radiation sources used in different bone scanners. (From Wahner and
Fogelman 1994).
1.5.1 Different implementations of DXA
There are two types of DXA scanners: the first available one was based on an energy
switching x-ray source as introduced by Hologic (1987), and the second type incorporates
rare earth filters into a constant-potential x-ray source as introduced by both Lunar (1988)
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and Norland (1988) and by Sopha (1989). Both implementations are briefly discussed
below.
1.5.1.1 Energy switching
The only widely available system that incorporates energy switching implementation is
the Hologic system (Figure 1.5). In this system the x-ray tube potential is rapidly
switched between 70 and 140 kVp synchronously with the line frequency. Known
amounts of bone and soft-tissue equivalent material need to be interposed into the beam
to achieve simultaneous calibration. These materials are mounted on a wheel which has
different segments to represent the bone, a soft tissue standard and an empty segment for
air values and rotates synchronously with the x-ray pulses.
DXA uses the energy dependence of bone and soft tissue attenuation to estimate bone
mineral content. X-ray based systems must account for an effect known as "beam
hardening". Beam hardening is due to the absorption of the low-energy photons by the
patient's body when subjected to a polychromatic x- ray beam (one composed ofmany
different energies). As a result the proportion of higher energy photons increases with
depth inside the body and the x-ray spectrum is said to be "harder". The attenuation
coefficient is, therefore, depth-dependent and corrections may be required to compensate
for the beam hardening. This phenomenon is reduced in Hologic systems by narrowing
the width of the high-energy spectrum with a 2 mm thick brass and aluminium filter.
Furthermore, the simultaneous calibration also compensates for beam hardening, because
rays travelling through adjacent segments of the calibration wheel are equally affected
by it. Finally, corrections are applied during image analysis.
1.5.1.2 Filtered x-ray
In this implementation, the output of a constant-potential x-ray tube is filtered by a rare
earth filter (called k-edge filter) to separate the x-ray distribution into two separate high
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and low energy components. In comparison to energy switching systems, these systems
produce somewhat lower beam hardening due to the narrower spectra.
This system requires pulse counting detectors. Two common problems are associated
with this system, namely detector pile-up and energy cross-over. The electronics cannot
keep up with the continuous incoming x-ray photons which need to be processed
individually in order to determine whether the pulse should be counted in the high or
low-energy window. Therefore, some photons may be missed if they hit the detector
while the electronics are still engaged in processing a previous pulse. Higher pulse rates
encountered in thin body parts or air require to be adjusted by appropriate correction
algorithms. Energy cross-over is another phenomenon that influences the pulse counting
detector and is caused by high-energy photons erroneously being counted as low-energy
photons. This phenomenon is corrected by assigning a fraction of the low-energy counts
to the high energy channel.
1.5.2 Total body composition measurements
The DXA technique is also applied successfully to measure both fat mass and lean mass
quantities of the whole body. The physical basis for the measurement is that the
attenuations of the high and low-energy x-ray beams are dependent upon the composition
of the material through which they pass. By using known standards of various effective
fat to lean ratios to calibrate the attenuations of the high and low-energy beams, it is
possible to measure the fat, lean and total masses as well as the bone mineral values. This
involves analysing the "non-bone" pixels using the attenuation coefficients for lean soft
tissue and fat, and then interpolating the results for the pixels which contain bone.
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1.5.3 Pencil-beam scanners
The main parts of the Hologic QDR-1000W DXA system are illustrated in Figure 1.5.
This is the system on which the investigations reported in this thesis were made. In this
system photons are emitted from an x-ray source and then are collimated into a beam and
pass through the subject's soft tissue and bone, continue the same path and enter a
detector where the intensity of the incoming beam is registered. The detector consists of
a Nal(Tl) crystal coupled to a photomultiplier operated in current mode. The source
collimator and detector are exactly aligned and mechanically coupled. Different size
collimators are automatically selected for different scan modes. They move across the
subject's body to register a single projection to represent the attenuation profile of a
single image line. Choice of speed is effectively obtained by using different inter-line
spacing. Data acquisition protocols may employ rectilinear scanning to cover a larger
area.
X-ray Detector System
Figure 1.5 Schematic illustration of components of a DXA pencil beam system (Hologic QDR 1000W)
capable of scanning the entire body or smaller parts. (From the manufacturer's manual).
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1.5.4 Fan-beam scanners
Fan-beam DXA systems use a narrow "slit" x-ray collimator with a multi-element
detector array. Both the detector array and x-ray fan beam extend across the width of the
region being scanned, requiring the scanning motion to take place only along the length
of the scanned region. For the scanning of the hip and spine only a single pass is
required, but for the total body three passes are required. The main advantages of fan
beam systems are reduced scanning time and improved image resolution; precise hip and
spine images can be acquired in typically 1 minute. However, some fan beam systems
can also rotate through 90 degrees allowing lateral imaging of the supine spine. The
lateral imaging helps to identify artifacts which may influence the anterior-posterior
images in many elderly patients. Moreover, the lateral spine imaging can be used to
perform vertebral morphometry. Fan beam systems allow a faster and more convenient
vertebral morphometry than conventional x-ray morphometry, and result in a lower
radiation dose to the patients.
1.6 Aims and outline of the thesis
Initially when DXA scanners became commercially available for bone assessment they
had the ability to measure the hip and the lumbar spine. Later, appropriate software was
supplied for the measurement of the forearm, whole body and small animals. DXA is an
established method with the potential ofmulti-site bone quality assessment with very low
radiation dose. Although DXA is widely used to assess bone mineral of the spine and hip
little use of the technique has been made to investigate other sites. This thesis
investigates the potential use ofDXA in the hand, os calcis and tibia. Total body DXA
is used by many centres but anomalies have been reported. These anomalies have been
investigated and an alternative method of assessing total body bone mineral has been
developed.
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The thesis is organised into six chapters. The first chapter discusses the health and
economic aspects of osteoporosis. It gives a brief discussion of the various methods of
assessing bone mineral, a more detailed description ofDXA and describes the aims and
outline of the thesis. The studies on individual bone measurement sites are described in
chapter 2 to 5, which each contain an introduction section, followed by a materials and
methods section, results, discussion and conclusions.
Chapter 2 describes the significance of hand bone mineral assessment and the problems
associated with the measurements of the hand in rheumatoid arthritis patients (RA). A
hand phantom was developed and used to study how changes in soft tissue and hand
posture affect the measured bone mineral. Six methods of measurements, including
software recently released by the manufacturer were assessed. In-vitro and in-vivo
precisions were also assessed. The optimum method was used to compare hand bone
mineral in RA patients and normals.
Chapter 3 explains the need for the assessment of os calcis bone density. In this chapter
a method for the measurement of the os calcis bone mineral was established. The in-vitro
and in-vivo precisions and the factors that might affect the measurements were assessed.
Two groups of osteopenic/osteoporotic and normal women were compared. The
difference in os calcis bone density between the patient and control groups was compared
with the corresponding differences for the spine and hip.
Chapter 4 describes the development of a method to measure bone mineral of the lower
leg (tibia/fibula). The effect of rotation of the leg was investigated and precision for
various sections of the leg were measured. Correlations between BMD T-scores at
different sites of the body and sections of the lower legs were also assessed. Two groups
of normal and osteopenic/osteoporotic patients were compared for the various sections
of the lower leg, spine, femur neck/total femur and total body using the World Health
Organisation (WHO) criteria of normal, osteopenia and osteoporosis.
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Chapter 5 investigates an anomaly in total body bone mineral measurements. In order to
find a possible explanation for the observed anomaly in-vitro and in-vivo measurements
were carried out. Appropriate measures were made to establish an alternative index for
the total body bone mineral measurements (TBI). Precision and the difference in TBI,
total body bone mineral content/density and spine BMD were compared for two groups
of anorexic and normal subjects.
Chapter 6 summarises the findings of the preceding chapters and makes
recommendations for future work.
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Chapter 2
Development of Hand Bone Mineral Measurements by DXA
2.1 Introduction
One of the earliest radiological changes in rheumatoid arthritis (RA) is that of juxta-
articular bone loss, or osteopenia, affecting the hands and feet (Bywaters 1960).
However, radiological osteopenia does not become apparent until a considerable
proportion of bone is lost.
Tothill (1986) showed that the mean hand bone mineral content (BMC) in a group of
56 patients with RA was 82 percent of normal, confirming the importance of peri¬
articular loss. Most of the patients with established RA will have disease localised to the
small joints of the hand; for example in patients who had active disease for two years
the loss of BMC was 33% (Nicoll et al., 1987a)
Using SPA Reid et al. (1988) compared two groups of controls (20M / 58F) and RA
patients (18M / 40F). Hand BMC was significantly reduced in female (24.1%, P <0.001)
and male (13.5%, P = 0.002) patients with RA receiving non-steroidal anti-inflammatory
drugs.
Cartilage and bone resorption are typical features of early RA which are traditionally
recognised by radiological signs ofjoint space narrowing, peri-articular osteoporosis and
marginal joint erosions (North et al., 1994). Peri-articular bone mass has been found to
be decreased in RA using metacarpal indices (Reid et al., 1986).
Quantification of juxta-articular bone loss could be a sensitive index of joint damage
(Peel et al., 1994). Since the hand has a large number of such sites compared with its
bone mass, it may be a more sensitive indicator of disease status than other sites of the
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body.
Measurement of forearm BMC by SPA using 125I as the isotope source was an
established technique (Cameron et al., 1968). Neutron activation analysis to measure
bone in-vivo has been applied to the hand (Catto et al., 1973 and Maziere et al., 1979).
Maziere et al. (1979) compared activation analysis of hand calcium using 252Cf (132
controls, 45 osteoporotics) with SPA in radial epiphyses (37 controls, 13 osteoporotics)
and found a strong correlation between the two. They preferred the NAA technique,
which gave a coefficient of variation of 2.4% for repeated measurements of ten controls
compared with 3.6% for the SPA. Some SPA measurements were abandoned because
results could not be reproduced. Maziere's preference for NAA of the hand was based
upon the site of the measurement rather than upon the technique. The technique was
cumbersome and involved a high radiation dose to the hand of 7.5 mSv. Nicoll et al.
(1987b) developed a method for hand BMC measurement using SPA, finding a
measurement precision error of 1.9% in control population. The drawbacks of the
technique are the poor resolution of the images and the inclusion of the distal radius and
ulna in the hand region of interest.
DXA could potentially offer many advantages for the assessment of hand bone mineral.
The equipment is widely available and the precision obtained for other sites suggests
that adequate precision for the hand could be achieved to allow progression and
treatment ofRA to be monitored. The effective dose for the measurement of hand bone
mineral by DXA has been shown to be only 0.06 pSv (Pye and Law, 1990). However,
there are particular problems associated with the measurement of hand bone mineral in
RA patients which must be thoroughly evaluated. RA is a progressive disease
characterised by inflammation and swelling of the joints and the hand may become
progressively more distorted. It is therefore important to assess how changes in soft
tissue and hand posture affect the measured bone mineral. The optimum technique
should be linear, precise and relatively independent of soft tissue thickness and hand
posture. The time required to acquire the scan is another important factor.
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Six DXA protocols have been evaluated to establish the optimum method ofmeasuring
hand bone mineral in patients with RA. The available protocols differ in terms of pixel
size, scan speed, line spacing, linearity correction factors and bone density threshold.
The linearity correction factors are used to correct for beam hardening effects and the
factors used by the manufacturer are appropriate for particular ranges of bone density
and tissue thickness. The linearity factors for the range of bone density and tissue
thickness appropriate to the hand were established using known amounts of calcium
hydroxyapatite (CaHA). The effects of bone density threshold and hand posture on
BMC and BMD were evaluated using aluminium tubes embedded in perspex.
Aluminium was used to simulate bone because it is a low density material with an
atomic number close to average atomic number of the CaHA. The effects of soft tissue
thickness were assessed using an aluminium step wedge. A hand phantom was
constructed and used to assess the precision of the various protocols. The effects of
using a build up plate were evaluated. In-vivo precision and the effect of hand posture
were assessed in a group of normal subjects. Prediction equations for hand BMD and
BMC in normal subjects were used to derive indices of hand bone mineral which were
then used to compare normal subjects and patients with RA. From the combination of
the in-vitro results and the measurements in normal subjects and patients with RA the
optimum technique for the measurement ofhand bone mineral has been established. The
precision of the method and therefore its ability to monitor changes with disease
progression or treatment has been assessed.
2.2 Methods and materials
2.2.1 Derivation of linearisation values
Measurements of BMD by the standard Hologic Spine and Forearm software are
dependent on the soft tissue thickness (Tothill and Avenell, 1994), and non- linear in the
hand BMD range. This non-linearity, i.e. a non-proportional relationship between the
measured BMD and correct BMD values, leads to errors in the estimation of hand BMD.
33
To overcome the dependency of soft tissue thickness, the method ofPye and Law (1990)
was used to determine the appropriate linearity correction factors. Measurements were
performed with and without a build up plate. These linearity correction coefficients are
the software environment variables that correct for non-linearity with BMD. Therefore,
the current Forearm and Spine protocol linearity correction coefficients were over¬
written by the acquired linearity correction coefficients for hand bone mineral
measurements.
2.2.2.1 Spine acquisition method with and without the use of a build up plate
The first step was to produce a calibration for the CaHA equivalence of an aluminium
step wedge. Four dishes ofCaHA, 5cm diameter and 2.5 mm, 5 mm, 10 mm and 15 mm
depths with known weights ofCaHA were used. They were scanned three times through
a build up plate, consisting of4.5 mm aluminium alloy (EH30) and 20 mm Poly-methyl-
methacrylate (Perspex). An aluminium step wedge (0.8, 1.6, 3.2, 5.6, 8.0 mm) was
scanned under the same conditions.
To derive linearisation values for Spine mode without the use of the build up plate, the
same procedure was followed but a 20mm "perspex plate" for the soft tissue was used.
The reason for using the perspex plate for acquiring the appropriate linearisation values
was because the software did not recognise any bone without enough soft tissue adjacent
to it.
2.2.2.2 Forearm acquisition method with and without the use of a build up plate
The same procedure as above was used to obtain the linearity correction values for the
Forearm method with and without the use of the build up plate.
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2.2.3 In-vivo measurements
The hands of five healthy male and female subjects were scanned in Forearm mode to
detect the percentage change in BMC and BMD from a reference point (ulna radius
junction). 10 subjects (7M/3F) of different ages (25 - 55 y) had scans of hands in two
postures of relaxed flat and loose-clenched in Forearm acquisition method to find the
most appropriate bone threshold with the least BMC change between the two hand
postures. The hand was held in two different postures of relaxed flat and loose-clenched
alongside the manufacturer's forearm support to minimise the precision error due to
positioning. Precision was from duplicate measurements in 11 healthy subjects (7M /
4F) of both sexes, for modified Forearm, Spine (performance and fast), as well as the
newly developed Hand software in both speeds.
To find how patients with established RA can be separated from controls, age, height,
weight and body mass index (BMI = weight/height2) were matched. The previously
acquired scans (Table 2.1) from Scothern et al. (1993) were reanalysed using *HH (P).
They measured BMC, BMD and hand function and pain in both the dominant and non-
dominant hand in two groups ofRA patients (n = 42) and controls (n = 25). In that study
a Hologic QDR-1000W scanner and modified spine protocol were used.
The details of healthy control subjects and RA for both sexes are shown in Table 2.1.
The control subjects were all active, in good health with no known history of disease
that might influence bone metabolism.
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Table 2.1 Physical characteristics of control subjects and RA patients. The number of
subjects is shown in brackets. The results are expressed as the mean ± SD and the range.
Age (y) Height (m) Weight (kg) BMI (kgm"2)
F Control 56.1 ± 10.7 1.61 ±.06 64.3 ± 9.2 24.2 ±3.2
e (24) 39.7 -71.8 1.49- 1.69 39.1 - 78.0 16.5 - 31.1
m
a
1 RA 61.1 ±9.5 1.61 ±.06 63.1 ± 11.0 24.3 ±3.6
e (26) 43.1 - 80.1 1.49- 1.70 43.0 - 86.7 19.3 - 30.4
s
M Control 43.0 ± 19.0 1.73 ±.05 85.4 ±21.7 28.0 ±5.9
a (15) 19.8 - 74.1 1.68 - 1.82 61.8 - 125 21.5 - 37.6
1
e RA 54.7 ±11.8 1.72 ±.05 71.6 ± 12.4 24.2 ±3.8
s (12) 26.5 -66.1 1.65 - 1.79 46.3 -90.0 17.0- 30.8
Figure 2.1a shows a photograph of the DXA bone mineral assessment of a volunteer's
hand.
2.2.4 In-vitro measurements
The typical range of BMDs for a human hand was obtained using the Forearm sub-
region protocol. A set of 4 aluminium tubes were made having equivalent BMDs close
to those of fingers and equal external diameters of 8.0 mm and internal diameters of 7.0,
6.7, 6.3 and 6.0 mm. The tubes weighed 1.54, 1.96, 2.41 and 2.85 grams, respectively.
All tubes had the same length of 50 mm and were covered with perspex tubes with wall
thicknesses of 2.5 mm.
To assess the effect on the bone mineral of threshold, bone wall thickness, height above
the scanner couch and angle of inclination, the same aluminium tubes were used. For
every experiment a mean of 3 measurements was taken. To investigate the linearity and
the effect of soft tissue depth on bone mineral the aluminium step wedge was used.
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To provide a convenient means of investigating various protocols and assessing long
term precision, a hand phantom was designed (Figure 2.1b). The hand phantom was
made out of aluminium tubes and a rectangular aluminium slab to mimic the fingers and
bones in the wrist. They were covered with perspex to simulate the soft tissue.
2.2.5 Statistics
Linear regression analysis was used to find the correlation between BMC and BMD
measured by different protocols. Linear regression analysis was also used to find the
correlation ofBMC and BMD with age, height and weight.
Bland and Altman's (1986) statistical method was used for assessing agreement between
two methods of bone mineral measurements. This method was used wherever a
correlation coefficient was obtained, to reassure that there was good agreement between
two methods or two variables over the entire range. Analysis ofvariance (ANOVA) was
performed to determine any significant difference among different protocols for
precision.
A paired t-test was performed to find the significance of the reduction in the mean
percentage change for two different hand postures using different thresholds. An un¬
paired t-test was performed to examine if the difference between the healthy controls
and RA was significant. A paired t-test was used to determine whether there was a
significant difference in BMC or BMD for the control subjects when the new linearity
correction factors were used rather than the original factors. For the above analysis
Origin™ Graphical Package (1994) was used.
Due to the correlation of hand bone mineral variables with age and size, the biological
variance in BMC and BMD could be reduced by expressing the subjects' results as ratios
of BMC/BMCp and BMD/BMDp, where BMCp and BMDp were predicted values
obtained using equations derived from the multiple regression analysis. For this analysis




2.3.1.1 CaHA and aluminium step wedge
Figure 2.2(a) compares the BMD measured for the CaHA dishes with the known BMD,
using the standard performance Spine method with the use of the build up plate (*P
method). The line of identity is also shown and it can be seen that the slope is
significantly greater than unity (B = 1.13). Figure 2.2(b) shows the BMD of the
aluminium step wedge as a function of thickness for both the default and modified *P
protocols. This shows that the default protocol was unable to detect the first step which
had a BMD ofApproximately 0.18 g/cm2. The modified protocol detected the first step
and gave a response which was linear over the range 0.18 - 0.7 g/cm2.
Figure 2.2(c) shows the corresponding results for the aluminium tubes. Again the default
protocol failed to detect the first three tubes, whereas the modified protocol identified
all four tubes, with values of BMD which were linear over the entire range. This
emphasises the importance of using linearity correction factors which are appropriate
to the ranges of bone mineral density and soft tissue thickness in a particular anatomical
site.
Figure 2.3a shows the measured aluminium step wedge BMD as a function of thickness
for the various protocols. The Figure shows a slope of 0.216 ± 0.005 (g/cm2)/mm wedge
thickness and a significant intercept of 0.07 ± 0.02 for the Forearm acquisition mode
with the default linearity correction coefficients ("FA). The "FA technique was improved
when the scans were reanalysed with the appropriate linearity correction coefficients
(FA) showing an insignificant intercept of 0.008 ± 0.01 and the same slope of 0.216 ±
0.003
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Hologic's newly developed Hand software (*HH i.e. scans taken under the performance
spine (P) mode using the build up plate) gave a significant offset of -0.037 ± 0.01 and
a gradient of 0.237 ± 0.003. Reanalysing the scans and applying the appropriate linearity
correction coefficients in the Spine analysis software gave a non-significant intercept
of 0.025 ± 0.012 and slope of 0.193 ± 0.004.
However, the differences in slope and intercept between the different protocols can be
appreciated more easily by considering the percentage changes in BMD corresponding
to a 10% change from an initial thickness of 1.25 mm, equivalent to 0.26 g/cm2 of
CaHA and are shown in bold in Figure 2.3. The changes varied from 7.9 to 11.4%.
Figure 2.3b shows the plots of measured CaHA BMDs versus the correct values for
different methods. The "FA showed a significant intercept of 0.080 ± 0.107. When the
scans were reanalysed using the acquired linearity correlation coefficients (FA), the
intercept was significantly improved to 0.022 ± 0.021.
The *HH method yielded a considerably higher slope than 1.00 by almost 11% with an
insignificant offset. Scans performed under the Performance Spine method (P) using the
build up plate analysed with the appropriate linearity correction coefficients (*P) showed
an intercept of 0.031 ± 0.029 and 0.926 ± 0.034 which would be improved if the results
of the first three dishes were plotted (A = 0.0009 ± 0.011 and B = 1.008), i.e. having a
BMD range of 0.17 - 0.80 g/cm2. This BMD range is within low RA patients' hand
BMD and high normal subjects' hand BMD.
To appreciate the real differences between the slopes and intercepts and assuming a 10%
increase in BMD with an initial value of 0.24 g/cm2, different methods show different
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"*P





Correct CaHA BMD (gem'2)
Figure 2.3 Linearity for the various protocols, (a) between the measured
Al step wedge BMD and the Al step wedge thickness, (b) between the
measured CaHA BMD and the correct CaHA BMD. The numbers shown
in bold are the % change in BMD for an increase of 10% in the correct
CaHA BMD. In all cases R>0.999, P 0.003.
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2.3.1.2 Aluminium tubes
Figure 2.4 shows the regression ofBMD on weight/area (W/A) for the aluminium tubes,
for the FA (as an example) with and without use of the build up plate. The data was
obtained with the tubes held in different positions, i.e. on the plane surface, 8cm above
and inclined at 40° to the bone densitometer table.
Table 2.2 tabulates the results obtained from Figure 2.4 and other graphs for the various
protocols. The Table shows the BMD gain for a 10% increase in the tube W/A for
different methods and positions. For an initial value ofW/A = 0.7g/cm2, there were no
significant differences in the predicted BMD for similar conditions. There was an
exception that a significant difference between the *HH and *P protocols was observed
when the tubes were inclined with respect to the densitometer couch plane surface.
Table 2.3 summarises the corresponding linearity results for BMC. In this case, the
changes in measure BMC for a true change of 10% were calculated for an initial weight
of 2.8g. For the FA protocol there were no significant differences in linearity with or
without the build up plate when the tubes were in any particular position or orientation.
The * P method showed almost the same 10% gain in BMC with a 10% increase in tubes
weight, unless the tubes were at an inclined angle. *HH (P) and *HH (F) the recent
Hologic's hand software showed similar results for all tubes' positions. When tubes were
at an inclined angle, both protocols showed a higher variance from the mean results
compared to the other two positions.
2.3.2 Effect of threshold
The 'threshold' is used to select which density values are identified as bone and which
are considered to be soft tissue. The effect of threshold on BMD and BMC was assessed
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Figure 2.5 shows an example of the effect of altering the threshold. Increasing the
threshold results in failure to detect the edge regions because they have lower areal
density. Since the reduction in area is more significant than the reduction in mass, the
net effect is to overestimate the BMD. The effects of altering threshold on BMD are
summarised in Table 2.4 for the FA and P protocols, with and without the use of a build
up plate.
The slopes and intercepts from the least-square fits were used to calculate the measured
changes for true changes of 10%, using an initial value for tube weight/area of 0.7 g/cm2
(corresponding to 0.25 g/cm2 CaHA). For the default protocol the default threshold gave
changes varying from 8.7% to 9.3% without the build up plate; this was improved
slightly to 9.2% to 9.3% using threshold 8,8,8. The build up did not have a significant
effect. Varying the threshold over the range shown in Table 2.4 had no significant effect
on the P protocol.
Table 2.5 shows the effects of threshold on BMC. To appreciate the significance of the
differences in slopes and intercepts the measured changes for a true change in weight
of 10% were calculated. It can be seen from Table 2.5 that for any particular protocol
the effect of threshold on the change in BMC is relatively small. Since patients have a
wide range of hand BMD, there cannot be a standard threshold appropriate for every
individual. However, the actual hand phantom was also reanalysed with the appropriate
linearity correction coefficients and different thresholds and the best threshold for each
technique giving the closest area value to the actual 80.0 cm2 has been established. Table
2.6 and Figures 2.5a and b also reveal the influence of threshold set on the image area,
BMC and BMD for the Hand phantom and the aluminium tubes, respectively. Figure
2.5 shows the scan analysed with the threshold set at 5, 5, 5 which will cause thicker
tubes to appear. When the same scan is reanalysed with threshold 12, 12, 12 tubes
appeared narrower with lower BMC, but a higher BMD was estimated (Figure 2.5b).
47
ieo i 3a 1 3hu s i csUGH. Ed i nfc u -~gh




■ ib. Oct. 1995 ib:Ba Lab x yaj































GLOBAL 15.71. 3.54 0.225
HI 3.95 1.13 0.235
HZ 4 08 0.81 0.200
B3 3.79 0.95 0.253
B4 3.89 0.64 0.164
HETAOS 15.71 3.54 0.225
leoiaal ^husici






•Ib.Oct.lWIb lb"11 Lbb x ywj














Scan Bun bear- 1
Sox: H




C.F. 1.015 1.039 1.000
Beg Ion Area BBC BHD
(r.n2) (gnK/nmiZ
GLOBAL 10 . 0? 2.9G 0.272
HI 3.03 1.01 0.3-J.l
HZ Z.bZ 0.bb 0.251
H3 2.85 0.33 8.289
K4 2.36 0.47 8.130
BETAO'S 10 .87 2.96 8.272
:li:
Figure 2.5 The effect of threshold change on edge detection, the above image (a) has been
analysed with acquired linearity correction coefficients and threshold set at 5,5,5 (tubes are
wider). The below image (b) with threshold =12,12,12 (the thinnest tube R4 has not been
fully detected).
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Table 2.6 The influence of threshold change on hand phantom area, BMC and BMD and
comparison with the values obtained from the *HH protocols.
Method With the build up plate Without the build up plate
Threshold 8.8.8 Default 8.8.8 10.10.10
Area 87.6 77.9 85.1 78.7
FA BMC 18.9 17.8 25.6 18.8
BMD 0.216 0.228 0.301 0.239
Area 84.4
*HH (P) BMC 18.7
BMD 0.222
Area 81.6
*HH (F) BMC 17.8
BMD 0.218
Threshold 8.8.8 10.10.10. 6.6.6 8.8.8 10.10.10
Area 95.2 82.9 87.8 79.5 72.8
P BMC 21.8 20.3 21.1 20.2 19.1
BMD 0.230 0.245 0.240 0.254 0.262
2.3.3 Influence of soft tissue thickness
To assess how the bone mineral variables are affected by soft tissue changes, which
typically involves the joints of the RA patients fingers and causes them to inflame, the
aluminium step wedge was used. For each method different water depths (simulating
soft tissue) of 0, 2 and 6 cm were used. Images were analysed using a fixed area away
from the edges to eliminate the edge detection deficiencies in order to compare the effect
of soft tissue on bone mineral determination. Normalised values ofmeasured aluminium
step wedge BMD versus depths ofwater were plotted. Figure 2.6 shows the results for
some of the methods as examples. All results are tabulated in Table 2.7 for comparison.
Table 2.7 The influence of soft tissue thickness on hand BMD.
Method With the build up plate Method Without the build up plate
A sd B sd A sd B sd
.161 .003 -.0024 .0011 .165 .001 -.0047 .00019
*FA .319 .003 -.0050 .0012 FA .341 .001 -.0058 .00032
.636 .001 -.0092 .00043 .670 .001 -.0056 .00023
.163 .002 -.0033 .00058 .165 .003 -.0045 .0010
*P .327 .003 -.0040 .0077 P .329 .007 -.0066 .0023
.651 .004 -.0047 .0019 .657 .010 -.0083 .0025
.159 .003 -.0022 .0013
*HH .333 .001 -.0020 .0001 Not Relevant
.716 .0002 -.0024 .0003
For each protocol the slope and intercept of the BMD versus water depth are shown. The three lines for
each protocol correspond to the first three steps of the aluminium step wedge.
Considering the standard deviations of the slopes for the two methods of P and FA with
and without the use of the build up plate on average for the three steps the slopes for the
aluminium step wedge BMD versus soft tissue thickness do not significantly differ. For
the second step of the wedge which has the closest value to hand, the slope is -0.005
(g/cm2)cm_1 (H20). The protocol *HH results in the smallest variation in BMD with
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A =.341 (.001), B =-.0058(.00032) In all [R] > 0.997 and P < 0.003
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Figure 2.6 Variation of measured BMD with soft tissue thickness, for
three of the protocols summarised in Table 2.7. An Al step wedge
having steps equivalent to 0.16, 0.32 and 0.64 g/cm2 of CaHA
was used to mimic bone.
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2.3.4 Effect of bone wall thickness
To find whether the image area depends upon the bone thickness, the results from the
aluminium tubes used in the previous sections were plotted in Figure 2.7. Aluminium
tubes' BMDs covered the range 0.13 - 0.26 g/cm2. The Figure illustrates the plots of
aluminium measured area versus the tubes wall thicknesses. Scans were acquired in the
P mode and analysed with the sub-region spine protocol (default) to separate each tube
from the adjacent ones. On scans analysed with the default threshold, the thinnest tube
was not detected, and even for the tubes having thicker walls the areas were very much
underestimated in comparison to the actual 4.0 cm2.
• The FA method underestimated the area for the first two thinner tubes and obtained
correct estimates for the thicker tubes.
The *P method analysed with the threshold set at 10,10,10 overestimated the area
even for the thinnest tubes (approximately 5% for the first two tubes), to a
maximum of 5 cm2 for the thickest ones.
• The *HH (P) and HH (F) acquisition methods have parallel trends for the graphs
ofmeasured area versus tube wall thickness. The HH (F) protocol found a mean
10% underestimate compared to the *HH (P) protocol which gave areas of 3.4, 3.5,
3.7, 4.2 cm2, respectively for each tube compared with the actual area of 4.0cm2.
As Figure 2.7 reveals, excluding the 'P, *HH (F) and *P techniques, there are only
small difference between the other techniques, although values calculated using the
FA and the P acquisition modes (with threshold set at 8,8,8 and default threshold
for the FA method) are closest to the actual area.
Figure 2.7 clearly shows the reasons for artifacts in BMD due to variation in area
with thickness variation, in particular for the default Spine protocol ("P).
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Al Tube Wall Thickness (mm)
Figure 2.7 The effect of tube wall thickness on measured Area for all techniques,
analysed with the appropriate linearity correction coefficients and default Threshold
for the FA mode scans, 10,10,10 and 8,8,8 for *P and P, respectively.
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2.3.5 Effect of height above the scanner couch on apparent bone mineral density
Patients with RA may not often place their hand flat on the scanner couch. To examine
the influence ofheight on hand BMD, two aluminium tubes with average BMDs of0.15
and 0.25 g/cm2 were scanned at various heights from 0 to 8 cm. Measurements were
performed for the FA and P protocols with and without a build up plate. Least square
fits to the BMD versus height data were performed. The results are summarised in Table
2.8 in terms of the change in BMD per cm change in height. It can be seen from this
Table that the effect ofpossible differences in height is negligible.
Table 2.8 The effect of height above the scanner couch on measured hand BMD.
Method Tube BMD
g/cm2
+build up plate -build up plate
Slope (gcm"2/cm above the couch)
FA 0.15 -0.0000 -0.0006
0.25 -0.0014 -0.0015
P 0.15 -0.0007 -0.0004
0.2 -0.0016 -0.0012
2.3.6 Effect of an angle between the bone and the scanner couch
In section 2.3.1.3 (Table 2.2) the changes in measured BMD corresponding to true
changes of 10% were evaluated using aluminium tubes in various positions and
orientations. In order to consider the effect of'changes' in orientation, the regression
equations were used to calculate the measured BMC and BMD for particular tube
weight(2.8 g) and weight/area (0.7 g/cm2), respectively.
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The values of BMC and BMD for the tubes positioned on the surface of the scanner
couch and at an angle of 40° to it are shown in Table 2.9. The measurements at an angle
of 40° simulate the position of the proximal metacarpal phalanges or distal phalanges
when the patient's hand is in a semi-clenched posture. The percentage changes between
the two tube orientations are also shown in Table 2.9. It can be seen that the changes in
BMD are significantly greater than the changes in BMC for all protocols as expected.
However, there are significant differences between the protocols particularly in terms
of the changes in BMD. The changes in the manufacturer's protocol (*HH) are in fact
significantly greater than either the FA or P protocols. The smallest effect on BMD is
with the P protocol using a build up plate. However, the FA protocol produces a similar
effect even without a build up plate and gives the smallest change in BMC.
2.3.7 Hand region of interest selection
In following the course of bone mineral measurements in a patient over time, the
precision of the measurements is greatly improved if the same ROI is used from one
scan to the next. Figure 2.8a shows the hand ROI selection. At the distal ulna radius
junction the ends of the bones are excluded from the hand ROI to prevent any variations
due to positioning of the hand and the interference of those bones in the hand area. To
find the effect of hand ROI selection on percentage BMD and BMC changes with
respect to the distance from the reference point (the distal ulna radius junction), the
scans of five control volunteers (3M+2F) taken in FA mode were reanalysed with two
line intervals (1 line interval = 2.0 mm) above and below the reference point (in steps
of one). Figure 2.9 shows the percentage change ofBMD and BMC versus the number
of line intervals with regard to the reference. The BMD varies from subject to subject,
but the change in BMD is less than the BMD precision error. The effect of changing the
region at the distal ulna radius junction on BMC is much more significant and results
in a change of approximately 1% per line. Therefore, if the BMC is being measured, it
is vital to use a fixed reference point when selecting the hand region.
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Figure 2.8 DXA scans of volunteer's hand (a) and the phantom (b), analysed with the sub-region protocol
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Figure 2.9 The percentage change in BMC and BMD with respect to the
distance from the reference point (the distal junction of ulna and radius).
The scans were taken in the "FA mode.
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The use ofBMD effectively eliminates the differences cause by a slight differences in
the region at the distal ulna radius junction.
2.3.8 Hand phantom design
To establish the typical range ofBMC and BMD in different parts of the hand the sub-
region facility of the FA protocol was used to analyse the image of a control female.
Measurements were made in the distal phalanges, metacarpal phalanges and the total
hand. Figure 2.8a shows an example of the use of the sub-region analysis.
The hand phantom was constructed from aluminium and perspex. It was considered
desirable to be able to alter the orientation of the individual phalanges. Therefore,
separate phalanges were constructed from aluminium tubes inserted in perspex tubes.
Each diameter tube had an outer diameter of 8.0 mm which is similar to the dimensions
of the phalanges of a human hand. The inner diameter was varied from 5.2 to 7.0 mm
to cover the range ofbone density 0.15 to 0.35 g/cm2. Each aluminium tube was inserted
in a perspex tube with an outer diameter of 13 to 19 mm. An aluminium slab was used
to simulate the wrist and the metacarpal phalanges and the wrist was covered with a 20
mm perspex palate. The DXA image of the hand phantom is shown in Figure 2.8b. The
average BMD and the BMD of the individual regions are also shown.
2.3.9 Effect of angle of deviation in the horizontal plane
To investigate the importance of the position of the hand in relation to the axis of the
scanner couch measurements were made with the hand phantom in different
orientations. The mean of three measurements for each protocol and each angle were
taken.
Table 2.10 summarises the results when the hand phantom was aligned with the long
axis of the couch. There were significant differences in the measured BMC and BMD
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using the various protocols. No image was detected by the default Spine protocol ("P).
The "FA protocol, i.e. the default Forearm method gave considerably higher BMC and
BMD compared to the developed methods. Although there were differences in BMC
measured by the performance and fast Spine developed methods due to small
differences in the measured area, there were no significant differences in the measured
BMD. Figure 2.10 also shows the plots of measured areas and BMC versus angle of
deviation from the longitudinal axis of the scanner table for a range of angles of 0 - 15°
in 5° increments.
Table 2.10 Hand phantom measurement results for different methods.
Method Area (cm2) BMC (g) BMD (g/cm2)
*HH (P) 84.4 ±0.2 18.7 ± 0.1 0.222 ±0.001
*HH (F) 81.3 ±0.6 17.7 ±0.1 0.218 ±0.001
*P 80.6 ±0.2 20.0 ±0.1 0.248 ±0.001
*F 80.6 ±0.2 20.3 ±0.1 0.252 ± 0.002
P 82.1 ±0.2 20.7 ±0.1 0.252 ±0.001
F 78.5 ±0.2 19.8 ±0.1 0.252 ± 0.002
FA 78.9 ±0.2 19.0 ±0.1 0.241 ±0.001
*FA 75.2 ±0.2 16.9 ± 0.1 0.225 ±0.001
"FA 78.3 ±0.2 24.3 ±0.1 0.310 ±0.001
"P No image was detected
Actual hand phantom area for a length of 22.5 cm from the fingers' tip = 80.0 cm2.
Table 2.11 compares the data obtained for the hand phantom area and BMC for all
techniques for the percentage difference between the hand phantom known 80.0 cm2
area. Table 2.11 also shows the percentage differences for the first 5° angle deviation
from the longitudinal axis of the scanner couch compared with no angle deviation
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values. All the developed techniques (except the *FA) measured the area very close (±
1%) to the known hand phantom area of 80.0cm2. The areas measured by the FA and "
FA techniques were identical. The *HH (P) and *HH (F) protocols gave an overestimate
of+5% and +2%, respectively. The P and F protocols also estimated +3% and -2% from
the true value. It can be seen that there is a 5% overestimate in the measured area for the
hand phantom for the first 5° angle deviation that has a true 80.0 cm2 for the *P method.
The *HH (P) and T III (F) protocols underestimated 3% and 5% for area and BMC,
respectively. Taking the scans in *F mode reduced the measured area and BMC by 1%.
The "FA acquisition technique measured with 2% decrease in area and BMC while the
*FA method estimated a 2% and 1.5% decrease in area and BMC, respectively, for the
5° deviation.
Table 2.11 The effect of angle of deviation on bone mineral measurement.
% Difference form 80.0 cm2 % Difference for 5° angle deviation
with no angle deviation from the initial values
Method Area Area BMC BMD
*HH (P) +5 -3 -3 0
*HH (F) +2 -5 -5 0
*P +1 +5 +6 0
*F +1 -1 -1 0
P +3 +2 +1 0
F -2 +2 +1 0
"FA -1 -2 -2 0
FA -1 -2 -1.5 0
"FA -6 -3 -3 0










































Figure 2.10 Investigation of effect of Hand phantom angle of deviation
(from the long axis of the couch) on Area and BMC.
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There were no BMD variations more than the reproducibility of the measurements for
each technique for a 5 ° angle change and a maximum of 2% for 15 ° angle variation. It
can be seen from the plots (Figure 2.10) that there is no pattern to the measured area and
BMC for the different techniques. There were linearities for the FA technique for either
area or BMC with respect to angle deviation, yielding a negative correlation of r = -0.93
and P = 0.07 (though it is not significant) and a slope of -0.058 g/degree angle deviation
(which is close to precision ofBMC measurements of the method) and an intercept of
A = 19.0 g.
The *HH (F) protocol found a significantly (t = -13.8, p = 5xl0"n) smaller phantom area
than the *HH (P) protocol, i.e. 81.3 cm2 as compared to 84.4 cm2. The hand phantom
BMD measurements were found to be the same for the *P, P, *F and F protocols (0.252
g/cm2). It can be seen from the angle deviation data that the *HH (F) and *P protocols
gave a -5% and +5% area change with the first 5"angle deviation, which were the worst
cases for both area and BMC.
2.3.10 Minimising hand posture BMC variations
It has been shown previously using aluminium tubes that the threshold setting has an
effect on the variation in BMD when the tubes are inclined at an angle to the plane of
the scanner couch. To assess the effect of threshold in a more realistic situation
measurements were made with the phantom, with the joints positioned to simulate the
hand in a flat, intermediate and loose-clenched position. Table 2.12 shows the results
(mean ± SD) for the hand phantom bone variables and the precision for the scans taken
under the performance spine protocol (*P) with the use of the build up plate. Images
were analysed with the new hand analysis, i.e. using the appropriate linearity correction
coefficients and the threshold set at 10,10,10; 8,8,8 and 6,6,6, for the phantom postures
of flat, intermediate and loose-clenched, respectively. As can be seen from the Table,
by reducing the threshold set, the area increases (knowing the true hand phantom = 80
cm2). In a flat posture the image area increases from 87.5 to 104 cm2 (a 19%
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overestimation), and the BMC increases from 22.9 to 24.0 g (a 4.8% overestimation).
As a consequence, the BMD decreases by 12.6% (0.262 - 0.229 gem"2). By setting the
threshold at 8,8,8 and applying the appropriate linearity correction coefficients there was
negligible change in BMD between the two postures of flat and intermediate. The
overall measurement reproducibility was not significantly different for any posture or
any threshold set. The % reduction in area for any threshold between intermediate and
flat posture was the same and equal to 4%, except the threshold set at 6,6,6 which was
within the precision. A 3% reduction in BMC between the two hand postures for
threshold sets 8,8,8 and 6,6,6 and negligible BMC percent change between intermediate
and loose-clenched posture, were calculated. The BMD changes for threshold <10,10,10
between flat and intermediate phantom posture were also negligible.
It can be concluded that by setting the threshold at 8,8,8 and applying the appropriate
linearity correction coefficients, the minimum variations for hand bone mineral variables
between the intermediate and flat or the intermediate and loose-clenched postures are
obtained. When a comparison between intermediate and loose-clenched hand postures
was made, a BMC change within the measurement precision was observed.
Table 2.13 shows the results for the FA acquisition mode for hand phantom images,
analysed with different thresholds for varied phantom postures. As it can be seen with
the previous results, by decreasing threshold the area and BMC increased. When a
comparison between the new hand analysis using default threshold and threshold set at
6,6,6 (for the flat posture) was made, area and BMC showed an 11% and a 5% increase,
respectively resulting in a 6% decrease in BMD. The minimum overall change in area,
BMC and BMD was found for the default threshold between the intermediate and the
flat phantom postures as well as having the closest area detected compared to the true
value.
66













































































































































































































































































































































































































































ResultsareexpressedforthFAmethowi htd faultprotocol(*),withth e holds t12,12,12,anappropriatelin arityc rrectioncoefficie ts(**),wi hd ault thresholdandppropriatelin aritycorrectionc effi ents(***),wi hthr sh ld8,8,8np priateli earityc rr ctioncoeffic ents(****),pectively. 70
Table 2.14 shows in-vivo scans results taken under the FA method and compares BMC
percent change in two different hand postures of relaxed flat and loose-clenched as well
as showing area and BMD variations, when the threshold and the appropriate linearity
correction coefficients are changed. For this study ten healthy volunteers, seven males
and three females of different ages (25 - 55 y) were scanned. Table 2.14 illustrates the
results in five main columns showing the sex, protocol, the hand bone mineral variable
for relaxed flat position, loose-clenched position, BMC % and BMD% change in two
different positions. It reveals how the change of posture considerably decreases for
every subject by modifying the software algorithms. However, there was no significant
change with posture for BMD using the new hand analysis.
Table 2.15 summarises the data and shows the BMC percent change between two
different postures of relaxed flat and loose-clenched for the ten subjects for each
protocol. The mean percent change of 7.7% ± 2.6 for the unmodified default method has
reduced significantly to 4.9 ± 3.0 (P = 0.0001). However, by modifying the software and
changing the threshold to 12,12,12 or 10,10,10 or finally 8,8,8, significant reductions
in the mean percent change have been achieved.
Table 2.15 BMC percent change between two different hand postures for the "FA, and
FA methods analysed with different thresholds.
Subject Sex Method
* ** * * * ****
1 M 5.7 0.0 0.4 1.3
2 F 6.0 2.5 2.4 3.8
3 M 8.0 6.4 4.8 5.7
4 M 5.9 3.4 3.7 4.3
5 M 5.5 0.0 3.4 3.4
6 M 4.7 3.2 3.6 4.0
7 M 11.1 7.4 7.8 8.0
8 F 11.8 11.1 10.5 11.7
9 F 10.7 7.3 7.8 8.2
10 M 8.3 4.2 4.6 5.3
Mean % 7.7 ±2.6 4.6 ±3.5 4.9 ±3.0 5.6 ±3.0
change
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Paired t-test results for the significance of the reduction in the mean percent change are
shown in Table 2.16. Significant improvement in BMC reduction between the two hand
postures was obtained.
Table 2.16 Paired t-test results for the significance of the reduction in the mean percent
change in two different hand postures for the FA protocols, using different thresholds.
Paired t-test on column (*) and columns (**), (***) and (****)
Protocol mean variance t-value p-value
* 7.7 6.8
** 4.6 12 5.8 0.0003
* * * 4.9 8.9 6.9 0.0001
5.6 8.9 5.3 0.0005
*: The default protocol. All other protocols were analysed with the appropriate linearity correction
coefficients and threshold set at 12,12,12 (**), default (***) and 8,8,8 (****).
It should be mentioned that there are some limits to changing the threshold. For example
by setting the threshold above 12,12,12 some less dense bones in the hand, like the
finger tips, were not detected either in-vivo or in-vitro. By setting the threshold below
8,8,8, some artifacts were introduced, i.e. between the fingers some extra bones were
shown or the phantom area increased. Moreover, there is no single threshold to suit all
subjects with a variety ofBMD and hand structures. As an example, it can be seen from
Table 2.15 that the FA method with the threshold set at 12,12,12 (") minimised the
effect ofposture for the first two subjects but with the default threshold and appropriate
linearity correction coefficients (***) minimised the effect for the third subject.
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2.3.11 In-vitro and in-vivo comparison of hand bone mineral precision for different
techniques
Repeat, short term and long term precision for area, BMC and BMD are shown in Table
2.17. The hand phantom was used for this assessment. The precision error is less than
1 % in all cases.








FA, repeat 10 0.26 0.37 0.19
FA, daily 90 0.41 0.74 0.43
*HF1 (P), repeat 10 0.42 0.55 0.30
*HH (P), daily 13 0.34 0.70 0.59
*HH (F), repeat 10 0.53 0.75 0.80
*HH (F), daily 10 0.53 0.86 0.78
To determine if there is any significant difference between hand bone mineral
measurement reproducibility (CV) between different protocols, 11 control subjects of
both sexes had repeated scans in the FA, P and F acquisition modes. The images were
analysed using different methods. ANOVA was performed and the results are tabulated
in Table 2.18, showing hand bone mineral measurements precision means were NOT
significantly different.
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Table 2.18 ANOVA results to determine if there are significant differences between the
in-vivo means of the hand bone mineral variables precisions for different protocols.
Method
BMD CV(%) BMC CV(%) Area CV(%)
mean variance mean variance mean variance
FA 0.41 0.06 0.63 0.16 0.61 0.36
"FA 0.30 0.05 0.74 0.37 0.57 0.29
*HH (P) 0.51 0.25 0.87 0.38 0.82 0.97
*HH (F) 0.71 0.31 0.97 0.49 0.89 0.59
*P 0.32 0.13 1.2 0.37 1.0 0.40
*F 0.35 0.12 1.3 1.0 1.2 0.61
F value 1.71 1.80 1.16
P value 0.15 0.12 0.33
2.3.12 Prediction of hand bone mineral variables from age and size
Variations in hand bone mineral variables with age and physical sizes are shown in
Table 2.19. Female hand bone mineral values showed a significant correlation (r = 0.46,
P < 0.05) for BMC with age, and a more negative correlation ofBMD with age (r = -
0.73, P < 0.001) but no correlation between area and age (r = -0.15, P > 0.05). The
correlations between area, BMC and BMD for females with height were r = 0.55, P <
0.01; r = 0.70, P < 0.001 and r = 0.63, P < 0.001, respectively. The hand bone mineral
variables showed no correlation for females for BMD with weight but moderate
correlations of r = 0.52 P < 0.05 for BMC and r = 0.51 P < 0.01 for area.
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Table 2.19 Correlation (r) of hand bone mineral variables with age, height and weight
for the control subjects.
Females Males
Age Ht Wt Age Ht Wt
Area -0.15 **0.55 **0.51 *0.46 *0.34 **0.52
BMC *-0.46 ***0.70 *0.52 0.34 0.34 *0.57
BMD ***-0.73 ***0.63 0.38 0.17 0.30 0.49
BMC BMD BMC BMD
Area ***0.90 ***0.60 ***0.82 *0.58
BMC ***0.88 ***0.94
no * (not significant) *P < 0.05 **P<0.01 "*P< 0.001
For men, only area versus age showed a significant correlation of r = 0.46 P < 0.05.
BMC and BMD showed no significant correlations with age (r = 0.34 P = 0.06) and (r
= 0.17 P = 0.38), respectively.
Males' hand area was also correlated significantly with physical sizes of height and
weight with r = 0.34, P < 0.05 and r = 0.52, P < 0.01, respectively. Males BMC showed
a positive correlation with weight r = 0.57, P < 0.05. A significant correlation was not
obtained between weight and BMD (r = 0.49, P > 0.05).
It should be mentioned that in the multiple stepwise regression considering BMC for
control females as the dependent variable and dominant or non-dominant hand, height,
weight, BMI and age as variables, only age came into the multiple stepwise regression.
This is due to the very high correlations of right and left hand (rF = 0.98, rM = 0.96 at P
< 0.0001) and a moderate correlation of BMC and weight r = 0.52, P < 0.05 (Table
2.19).
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Table 2.20 compares the right and the left hand BMC for both sexes for the controls.
The mean right BMCs were significantly higher, P < 0.0005 for men and P < 0.0001 for
women. Therefore it is important for RA patients follow up or for acquisition ofnormal
data that the same side hands are used.
Table 2.20 Comparison between right and left-hand mean BMC for control males
(n=15) and females (n=24).
variable Male Female
Mean ± SD Mean ± SD
Left Hand 29.0 + 6.6 20.7 + 4.5
Right Hand 30.4 + 6.6 22.0 + 4.6
Mean 29.7 + 6.6 21.4 + 5.4
Knowing the above hand bone mineral variable correlations with age, height and weight,
attempts were made to reduce the biological variations in BMC by expressing the
subjects results as a ratio of BMCj=BMC/BMCP and BMDj =BMD/BMDP. BMCP and
BMDPwere predictive values. Variables entered in the stepwise regression analysis were
age, weight, height, BMI and dominant or non-dominant hand. Table 2.21 shows the
details.
Table 2.21 Prediction ofBMC and BMD from age and body size.
Variable Predictive equation SE r
BMC
F 29.54-0.1638*Age 2.28 0.62
M 12.88+0.5761 *BMI 6.06 0.49
7.293+0.5850*BMI+0.1282*Age 5.70 0.60
BMD
F 0.3701-0.0010*Age 0.0436 0.33
M 0.2427+0.0007*Age+0.0033*BMI 0.0530 0.41
Age (y), Wt = weight (kg), Ht = height (m), BMI (kg/m2), SE = standard error of prediction and r =
multiple correlation.
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Figure 2.1 la illustrates the BMC as a function of age for the control females. There was
a significant negative correlation of r = -0.46, P = 0.02. A coefficient of variation (CoV)
(standard deviation of the mean value (age regression of hand bone mineral variable) -±
hand bone mineral value at age 50 years as an example) of CoV50y=21% was obtained.
Figure 2.1 lb compares the BMC of the RA females with the controls.
Z-score compares the patient's measured bone mineral density with age matched
reference value.
Z-score = (P - Mam)/SDam
P is the measured patients value, Mam is the mean value for sex and age matched
controls and SDAM is the standard deviation of the mean value for the age and sex
matched controls. A mean Z-score of -0.80 ± 0.70 was calculated.
Figure 2.12a Shows the regression ofBMD on age for the control females. A significant
P = 0.0001 negative correlation of r = -0.73 and a CoV50y=10% was calculated. Figure
2.12b compares the BMD of the RA females with the control females. A mean Z-score
of - 1.44 ± 1.10 was calculated. The difference between the controls and RA patients Z-
scores and the CoV for both genders are shown in Table 2.22.
Table 2.22 Comparison of the Z-scores and CoV for normals and RA patients.
Control RA Patients Diff in mean
CoV (%), Z (± SD) Z (± SD) Z-score (P)
Female Male Female Male Female Male
BMC 21,-00 ± .98 21, .02 ± .86 -.84 ± .70 -.72 ± .68 -,84(.0005) -,70(.002)
BMQ 20, -.03 ± .98 19,.01 ± .96 -.97 ±.70 -.64 ±.66 -.94(2x10"22) -,63(.01)
*BMC 14, .01 ± .99 -1.2 ± 1.4 -1.2(5xl0"6)
BMD 10,-.07 ±.98 14,.00± .98 1.4 ±1.1 -.78 ±.74 -1.3(lxl0-6) -,78(.002)
BMDi 10, -.07 ± .98 10,-.04± .98 1.4 ± 1.1 -1.3(8xl0"7)
"The BMC has been normalised by height. The rest of the hand bone mineral variables have been plotted





Figure 2.11 (a) Hand BMC as a function of age for the control females, (b) Comparison
of the hand BMC of the RA with the normals. The solid line is the least square fit and
the broken lines are the 95% confidence intervals for the normal females.
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Age (years)
Figure 2.12 (a) Hand BMD as a function of age for the control females, (b) Comparison
of the hand BMC of the RA with the normals. The solid line is the least square fit and
the broken lines are the 95% confidence intervals for the normal females.
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The CoVs were considerably lower for BMD compared to BMC. However, normalising
BMC (denoted by *BMC in the Table) for females by height also improved the CoV
significantly from 21% to 14%, separating the RA patients from controls (Z = -1.2, P
= 5x10"6).
2.3.13 Comparison of normal subjects and RA patients using two different
methods
Figures 2.13 and 2.14 compare plots ofmales' and females' BMC and BMD for the two
groups of controls and RA patients, respectively. The two groups were compared using
Figures ofmerit, defined as:
F = (Mc - MP)/(SDC + SDP)
Mc, MP, SDC and SDP were the controls' and RA patients' mean hand bone mineral
values and the standard deviations of the measurements for the same sex groups. A large
difference between the mean of hand bone mineral variables and/or small standard
deviations result in higher figures of merits, making a better separation between the
normal and RA patients groups. Although higher mean hand bone mineral values were
determined by the *P method, similar figures of merit for BMC and BMD for the same
sex group were observed. For males' BMC and BMD figures ofmerit of (F»P = 39.4%,
F*hh= 40.9%) and BMD (F = 42%) were found. This demonstrates that the *P method
had a similar ability (to *HH) to differentiate between the RA patients and the healthy
control subjects. However, the figures of merit obtained for the females' BMC (F*P =
58.8%, F*hh= 56.4%) and BMD (F = 63%) were considerably higher as compared to
males' values for these variables (39% - 42%).
Figures ofmerit for BMC and BMD were used to assess which variable gives a better
separation between the RA patients and the controls. For females a higher mean BMD
figure ofmerit for both methods ofmeasurements was found compared with the value
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obtained for BMC (FBMD = 62.9%, FBMC = 57.6%).
Table 2.23 compares the RA patients with the healthy controls for BMC and BMD.
Female RA patients had a significant (P = lxlO"7) 25% loss of BMC and 22% loss
(P=lxlO"s) in their BMD. Male RA had significant losses 17% (P = 0.007) and 12%
(P=0.007) in BMC and BMD, respectively.
Table 2.23 Comparison of the RA with the normals for the hand bone mineral values.
The results are expressed as the mean ± SD, the range and the number ofmeasurements.












(n = 26) 8.6-23.7















(n = 12) 17.3-34.3
% diff in RA -17 (P = 0.007)
0.331 ±0.039
0.263-0.411
-12 (P = 0.007)













Figure 2.13 Comparison of males' and females' hand BMC (±SD) for two groups
of controls (C) (M=15, F=24) and RA patients (P) (M=12, F=26). The values are
shown for two different measurement methods of *P and *HH. The solid and
open symbols show the mean BMCs of the control and RA patient groups.
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Figure 2.14 Comparison of males' and females' hand BMD (±SD) for two groups
of controls (C) (M=15, F=24) and RA patients (P) (M=12, F=26). The values are
shown for two different measurement methods of *P and *HH. The solid and
open symbols show the mean BMDs of the control and RA patient groups.
Figures of merit as explained in the text are shown.
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2.3.14 Correlation of the *HH (P) with *HH (F) and FA protocols
To assess how significant the relations between the HH (P) and HH (F) protocols are,
Figure 2.15 was plotted. The Figure illustrates in-vivo regression of hand bone mineral
results using the *1111 (F) protocol on the *HH (P) data. These measurements were
acquired to determine if there were a high correlation between the two protocols so the
fast mode (F) could be employed for future scan acquisition. The fast mode has the
advantage of halving the scan time which would result in increased comfort for the
patients and would save the time.
For the *HH (F) area versus *HH (P) area, there is a significant high correlation of r >
0.96, p < 0.0001 with a SD=0.763 cm2, a slope of 0.961 ± 0.026 and a negligible offset.
For the BMC plots, the *1111 (F) versus *HH (P) protocols showed a strong significant
relation of r > 0.99, p < 0.0001, SD = 0.329 g, a non-significant intercept and a gradient
close to 1.0. Paired t-test showed that the *HH (F) mean was significantly lower (t = 4.3,
P = 0.0003) than the *HH (P), because considerably lower areas were calculated by the
*HH (F) protocol.
The *HH (F) BMD data, gave a non-significant intercept, a slope close to 1 and a high
significant correlation of r > 0.99, p < 0.0001. A student t-test also revealed that there
was no significant difference between the BMD means (t = -1.30, P = 0.21) measured
by the two methods. Bland and Altman (1995) statistical method also assessed a good
agreement between the *1111 (P) and *HH (F) protocols over the entire BMD range.
However, although there were high correlations between the *1111 (P) and FA bone
mineral variables, there were not good agreements between the two protocols in
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Figure 2.15 Correlation of the *HH (P) with *HH (F) and FA protocols for 11 control
subjects. The solid lines are the least-square fits to the data (Y=AX+B) and the
parameters of the fits are shown.
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2.4 Discussion and conclusions
Hand bone mineral measurement by DXA is associated with very low exposure to
ionising radiation. It has been shown that measurement ofBMD by the standard Hologic
Forearm and Spine protocols were non-linear in the hand BMD range and dependent on
the soft tissue thickness. Moreover, the default Spine protocol in particular failed to
detect the aluminium tubes or the first step of the aluminium step wedge. By making the
necessary modifications to the standard protocols, linear relationships between the
measured BMD and variations in the thickness of aluminium tube and step wedge were
achieved. The modifications were verified by the assessment of the influence of the soft
tissue thickness on the bone mineral. The effects of bone density threshold and hand
posture on the bone mineral variables were evaluated using aluminium tubes embedded
in perspex. The most appropriate threshold was established. The hand phantom was also
used to examine the suitability of threshold selection by comparing the known hand
phantom area with the values determined by different bone density thresholds. In-vivo
effects of bone density threshold to minimise the variations in hand bone mineral with
posture alterations were also examined. This approach was followed using the FA
protocol. Significant reduction in the mean hand BMC variation between the two
postures of relaxed-flat and loose-clenched was obtained.
Table 2.24 compares the various protocols for hand bone mineral measurement. For
each of the factors considered the relative performance of each protocol was allocated
a score between 1 and 6, where the lowest score corresponds to the best performance.
Where the performances of different protocols were not significantly different, they
were allocated the same score. In addition where a factor was considered particularly
important, lower scores were allocated. For example, precision was considered to be
particularly important but was not significantly different for any protocol and, therefore,
all protocols were allocated 1 for this factor. The protocol with the lowest total score,
therefore, represents the best overall performance. Although this scoring system is
relatively arbitrary, it provides a useful indication of performance.
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Table 2.24 Comparison of different protocols for hand BMD measurement.
Protocol
Factor
FA *FA P *P *HH (P) *HH (F) reference
Linearity 1 1 2 2 3 3 Tables 2.2
Soft tissue thickness 2 2 2 2 1 1 Table 2.8
Wall thickness 1 2 2 3 2 3 Figure 2.7
Height 1 1 1 1 1 1 Table 2.2
Inclined angle 6 2 3 2 5 6 Tables 2.9
Angle of deviation 1 1 1 1 1 1 Table 2.11
Precision 1 1 1 1 1 1 Tables 2.17 &2.18
Time 6 6 6 6 6 1
Total points 19 16 18 18 20 17
It can be seen from the Table that all the protocols except the *HH protocols were linear.
However, the *HH protocols showed the smallest variation in BMD with variations with
soft tissue thickness. The effect ofwall thickness on tube area was the least for the FA
protocol and the most for the *P and *1111 (F) protocols. The effect of height above the
couch on BMC and BMD was very small and so negligible. It is worth mentioning that
the measurements were made using a hand support (transparent to x-ray). This hand
support allows the hand to be positioned in a semi-clenched posture so that there is a
minimum posture variation due to progression of RA disease or recovery from it.
Therefore, with a maximum of a few centimetres hand height posture alteration, there
would be negligible effect on BMC or BMD. The effect of angle of inclination on BMC
or BMD was the least for the *P protocol. Moreover, there was no change in BMD
between the two hand postures of intermediate and flat. The effect of angle of deviation
was more critical on BMC and the most for the T lH and *P protocols. However, there was
no BMD variation due to a deviation from the initial position, i.e. when the hand phantom
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was aligned with the long axis of the couch. It was earlier shown that there were no
significant differences between the various protocols for in-vitro or in-vivo precision and
that they were all very precise.
Another important factor was the time required to acquire the scan. The time required to
acquire a hand scan is approximately 12 minutes for any protocol, unless the scan is taken
under the Fast mode of Spine acquisition protocol when it is reduced to 6 minutes. In the
Table the best score for the time factor was given to *HH (F), i.e. the Fast mode taking
half the time required for a performance mode scan, because the longer the scan time the
more possibility of patient's hand movement while the scanning is in progress. This
possibility of hand movement has a direct adverse effect on the precision. Use of the Fast
mode also significantly saves the operator's and equipment time. Therefore, the total
points for above protocols did not differ significantly. There were also excellent
correlations between the *HH protocols for the hand bone mineral variables. Paired t-test
on BMD measurements by *HH (P) and *HH (F) also revealed that there was no
significant difference between the two means. It is, therefore, possible to perform scans
in Fast mode. Bland and Altman statistical method also confirmed a good agreement
between the *HH Performance and Fast protocols over the entire BMD range. However,
there were not a good agreement between the *HH (P) and FA protocols in particular at
the low BMD range.
In this study the control females had a mean BMC and a mean BMD of 21.4 ± 5.4 g and
0.320 ± 0.046 g/cm2, respectively. The females with established RA had a mean BMC and
a mean BMD of 16.1 ± 4.0 g and 0.262 ± 0.046 g/cm2 with a 25% (P = l.lxlO"7) and a
22% (P = 6.0x10"9) reductions in BMC and BMD compared to the control females,
respectively. The control males had a mean BMC and a mean BMD of 29.7 ± 6.6 g and
0.370 ± 0.053 g/cm2, respectively. The males with established RA had a mean BMC and
a mean BMD of 25.4 ± 3.9 g, 0.331 ± 0.039 g/cm2 with a 17% (P = 0.007) and a 12% (P
= 0.007) reductions in BMC and BMD compared to the control males, respectively.
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Peel et al. (1994) studied 70 post-menopausal women with steroid treated RA and found
a mean BMD of 0.396 ± 0.049 g/cm2 for the control females and 0.306 ± 0.05 g/cm2 for
the RA patients, showing a 22.7% reduction in BMD. They measured hand BMD using
the method of Pye and Law (1990), i.e. the subjects' hands were positioned palm-down
on the build up plate on the scanner table with the fingers extended. The discrepancy
between the BMD results is due to use ofthe Hologic hand protocol which was evaluated,
because a mean hand BMD of 0.437 ± 0.040 g/cm2 for the control females using the *P
protocol was obtained.
Using a single photon imaging technique to assess the bone mass of the hand, Nicoll et
al. (1987b) found the measurement precision of 1.9% for the BMC. They found 25.1 g
and 18.0 g mean BMCs for normal men and normal women, respectively. The mean ages
were 43(± 17) and 46 (± 16) years for men and women, respectively. For men they found
hand BMC to correlate equally well with hand volume and arm span (rv = 0.81 P <
0.0001, rs = 0.80 P < 0.0001); however, the correlation with age alone was poor (r = 0.25
P > 0.3). For women both age (r = 0.33, P < 0.02) and years post-menopause (r = 0.31,
P < 0.02) correlated with hand BMC, the positive correlation may be due to age range of
20 to over 70 years.
Using the method ofPye and Law (1990), Deodhar et al. (1994) studied 46 males and 49
female volunteers with means ages of 33(24 - 81) and 41(20 - 83) years, respectively.
They found a total hand BMC in male volunteers of 90.9 g, compared to the 59.4 g that
was obtained; and a total hand BMC in female volunteers of 62.2 g compared to the 42.7
g mean of control females we obtained, which is almost a 50% higher BMC than our
results. Peel et al. (1994) found in practice that the projected hand area in women with
established RA was the same as the value of 61 cm2 in controls, i.e. a mean BMC of 24
g which, is much closer to what in this study was achieved.
Table 2.25 compares the present study and other reports for correlation of hand BMC and
BMD with age and size and also the correlation of these variables with each other.
89
Table 2.25 Correlation (r) of hand bone mineral variables with each other and age, height
and weight for the control subjects.
Females Male
Age Ht Wt Age Ht Wt
BMC *-0.46 ***0.70 *0.52 0.34 0.34 *0.57
NBMC +*0.33 *0.32 0.25 ***0.67
D92BMC NS 0.47
D94BMC NS ***0.66 **0.4 NS ***0.57 ***0.58
BMD ***-0.73 ***0.63 0.38 0.17 0.30 0.49
PBMDRA NS ***0.31 **0.38
BMC BMD BMC BMD





The figures in italics are other workers' results.
NS: not significant, *: P < 0.05, P < 0.01, P < 0.001. N: Nicoll et al., 1987 D92: Deodhar et al.,
1992 D 94: Deodhar et al., 1994 p: Peel et al., 1994
Deodhar et al. (1994) found no correlation between hand BMC and age in both sexes.
We found significant correlations between BMC and BMD with age for female controls.
No significant correlations for male controls BMC and BMD with age were found.
Deodhar et al. (1992) also found hand BMC did not change with age in women but
increased with age in men (r = 0.47, the significance level was not quoted). Peel et al.
(1994) found that the projected area in women with established RA was the same as that
in the control (61 cm2). We found a significant reduction of 8% for the female RA
patients (60.3 ± 7.6cm2 compared to 65.7 ± 9.1cm21 = -3.3 P = 0.001).
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Indices of hand bone mineral using prediction equations for BMC and BMD were used
to compare normal subjects and RA patients. The CoV for the control females slightly
improved (from 21% to 20%) when BMC, was plotted against age compared to the value
for plot BMC versus age. The slight improvement in the CoV might be due to a low
number of subjects or a narrow size variation. Therefore, there was also little
improvement (Z = -0.84, P = 0.005 to Z = -0.94 P = 2x10"22) in the Z-score. Normalising
BMC by height improved the CoV quite significantly, resulting in a better separation
between the control females and the RA subjects. Though body height could also be
changed by disease related process, there was no difference in height between our control
and RA patients. When BMD was plotted against age for the control females, a
significantly better CoV (10%) compared to BMC versus age CoV of21% was obtained.
The BMD, CoV did not change when BMD,, was plotted versus age since there was a
high correlation of (r = -0.73, P < 0.0001) between BMD and age. A Z,-score difference
of -1.3 (P = 8 x 10"7) and a Z, = -1.3 (P = lx 10"6) between the control and RA were
obtained. For males significant differences in mean BMC Z-score and BMD Z-score of
-0.70 (P = 0.002) and -0.78 (P = 0.01) were calculated.
The normal subjects and RA patients were compared using the TIH (P) and *P methods.
The assessment revealed that the *HH (P) protocol had no superiority over *P protocol
to separate the RA from normals.
Provided the appropriate threshold and linearity factors were used, no protocol showed
a marked overall advantage in terms of precision, linearity and posture dependency.
However, the Hologic Hand protocol allows the scans to be acquired significantly faster
and is now generally available to other centres using Hologic QDR systems. It is,
therefore, recommended that this protocol should be used (Salamat, 1996).
To finalise the discussion, it can be concluded that there are still some inconsistent
results when a comparison is made between the various published works, and there is
still the need to study bigger populations ofnormal and RA patients. Normal ranges for
91
different sexes and different races should also be established. However, normalising by
physical sizes is not satisfactory since body height or weight also could be affected by
disease related process such as the presence of vertebral fractures or joint prostheses.
Even normalising by forearm span, only men had a moderate correlation of 0.50, P =
0.0006.and a high correlation of r = 0.80 P < 0.0001 according to two different
publications quoted on Table (2.25) which is still not significantly better for BMC and
area correlation (rM = 0.82, P < 0.001 present results). Normalising by hand volume (e.g.
displacement technique) can also be altered by progression ofjoint deformities in RA
and results in an increase in the hand volume and consequently a decrease in projected
area which would produce an artifactual increase in areal BMD with progressive disease.
Since DXA measurements ofother skeletal sites are expressed as an area density (g/cm2),
it is more appropriate to apply the same approach to the hand, and normalise hand BMC
for projected hand area (rF = 0.90 P < 0.0001) giving an areal bone mineral density for
the following reasons:
1. No difference between hand BMC and BMD precision.
2. No BMD variation with respect to the distance from the reference point (distal ulna
radius junction).
3. Significantly lower CoV and consequently better separation between the RA and
controls.
4. Use of normalised BMC by size such as body height or weight could also be
influenced by disease related progression.
Concerning the accuracy of hand bone mineral measurement, several cadavers' hands of
different sexes with a wide range of physical sizes would be required to be ashed since
different hands have different biological structure and BMDs like other sites.
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Chapter 3
Assessment of Bone Mineral of the Os Calcis
3.1 Introduction
The skeleton consists of 80% cortical (compact) bone, as found in the shafts of the limb
bones, and 20% trabecular (cancellous) bone as in the ends of the long bones, the spine
and the pelvis. Trabecular bone has a large surface to volume ratio, with a high turnover
rate (about 8 times that of cortical bone) and is more responsive to metabolic stimuli
(Evans, 1988).
Epidemiological studies confirm that the osteoporotic fractures are first seen in the
vertebral body and the distal radius, both of which contain large fractions of trabecular
bone (Genant et ah, 1988). The fraction of trabecular bone at different sites of the body
are in ultradistal radius (45%), neck of femur (up to 50%), vertebrae (65%) (Elosie et ah,
1987) and os calcis (90-95%) (Vogel et ah, 1988). The os calcis is not at risk of fracture
itself, but because it is predominately a trabecular and load-bearing bone it might be a
good predictor of hip/spine fracture.
In a prospective study for EPIDOS, Hans et al. (1996) assessed the value of os calcis
measurements by ultrasound (US). They studied a large population of 5662 elderly
women. Hans et al. (1996) measured the hip BMD by DXA. They reported that US
measurements of the os calcis predicted the risk of hip fracture as accurately as the hip
BMD measurements by DXA. It was also reported that for each SD reduction in US or
BMD values, the risk of hip fracture was approximately doubled.
Gluer et al. (1996) studied 4698 post-menopausal women to assess the relationship of
US variables and BMD in patients with and patients without recent fractures. They
measured BMD of the proximal femur and lumbar spine with a DXA scanner; the BMD
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of the os calcis was measured using a SXA device. Sensitivity and specificity with
broadband ultrasound attenuation (BUA), velocity and BMD variables were reported to
be comparable. Gluer et al. reported that both BUA and BMD were independently
related to fractures. They also reported that for the prediction of hip fractures, BUA was
not as strong as BMD of the femoral neck, and that BUA was comparable to BMD of
the calcaneus, and it was better than BMD of the spine for the prediction of hip
fractures. Many other studies have also shown the relevance and value of the US
measurements of the os calcis for the prediction of hip/spine fractures (Funke et al.,
1993; Stewart et al., 1994).
Jonson (1992) developed amethod for determining BMC in the peripheral skeleton, e.g.
calcaneus bone or radius and ulna, using a gamma camera measuring two different
photon energies from two isotopes. For a measurement time of 15 minutes an effective
dose of less than 10 pSv has been quoted. Drawbacks of the method are the errors
caused by source decay and the short half life of the source. Another drawback is the
handling of the flood source. This is specially true for an 125I source, which needs careful
handling because of the radiation hazard.
Using DXA, Cummings et al. (1993) assessed bone density at various sites for
prediction of hip fractures. They studied a large population of 9704 post-menopausal
women in a multi-centre trial. Cummings and his colleagues measured BMD and BMC
of the calcaneus, mid and distal forearm with OsteoAnalyzer (Siemens-Osteon,
Wahiawa, Hawaii). They measured the spine and proximal femur with Hologic QDR
1000 scanners. Cummings et al reported that low hip bone density was a stronger
predictor of hip fracture than bone density at other sites. The os calcis was the next best
site for measuring bone density to predict hip fractures. The radius and the spine were
the least predictive values.
Pye et al. (1994) looked at the performance, patient acceptability and precision of
software developed for the measurement of calcaneal BMD. The developed software
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was based on Forearm protocol of their Lunar DPX-L whole body scanner. Although
the precision was acceptable, the overall analysis time was quite long (-30 min). More
details of the study are given in the discussion and conclusion section.
Many comparisons between bone mass measurements at different skeletal sites have
been reported. In general, better correlations are obtained between sites with similar
proportions of trabecular and cortical bone. Using SPA, Christiansen (1982) found that
the measurement of the BMC ofthe radial shaft (95% cortical bone) was well correlated
(r = 0.86) with the total weight of the skeleton (80% cortical). The os calcis which is
predominantly trabecular bone showed only a moderate correlation (r = 0.59) with the
total skeletal mass but was found to be well correlated (r = 0.77) with dual photon
measurements of the lumbar spine (65% trabecular) (Wasnich et al., 1985).
There is continuing uncertainty about the relative merits of bone mineral measurements
at different skeletal sites in the diagnosis and management ofosteoporosis. Some reports
suggest that spinal compression is more closely associated with spinal than with forearm
bone mass or bone density (Sogaard et ah, 1994) and that appendicular measurements
are of limited value in clinical practice (Wark, 1993 and Van Berkum et ah, 1989).
Other reports suggest that peripheral and central measurements are of comparable value
both in diagnosis and fracture prediction (Black et ah, 1992 and Melton et ah, 1993). It
is also not always possible to measure bone density of spine and hip due to existing
spine fractures or hip replacement. Therefore, to address these issues the focus of this
study was to detect the usefulness of the os calcis as a site for BMD measurement with
DXA.
DXA for bone assessment of the axial skeleton for a variety of reasons is a universal and
established technique. The equipment is widely available and has the capacity ofmulti-
site measurements mainly of the spine, hip and forearm. Furthermore, these scanners
allow precise and rapid measurement of the sites prone to osteoporosis. The effective
dose for the measurement of the os calcis is very small and is less than 1 juSv (Genant
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et al., 1996). However, there were a number of problems with the measurement of the
os calcis that had to be dealt with. One of the problems was the limitation of the detector
arm movement and therefore a feasible and appropriate way of patient positioning had
to be achieved. It was, therefore, vital for patient comfort that the most appropriate
positioning technique was achieved. Another problem is that os calcis is a bone with
non-uniform density. This non-uniformity considerably affects precision so the
appropriate regions had to be established for measurement and analysis.
It has been reported that wrist and vertebral fractures occur predominantly from
trabecular bone loss, whereas hip fractures are due to cortical bone loss (Riggs, Melton
1983). For these reasons, two different regions were defined, one of purely trabecular
bone with less BMD variation for better precision and one with mixed (trabecular and
cortical) bone using a group of normal subjects. It was also vital to find a feasible way
to position the osteoporotic patient, who might already suffer a chronic back pain, in a
comfortable position while the scanning was in progress. Other factors that had to be
considered were to assess the effect of soft tissue and the total time required for the
examination (set-up, scanning and analysis). The effect of size ofROI due to counting
statistics on precision was also investigated.
Three DXA protocols were modified and assessed to establish the most appropriate
protocol for measuring the os calcis in patients with severe established osteoporosis i.e.,
osteoporotic patients having hip replacement, vertebral wedges or fractures with
consequent height alterations. The current methods for the measurement of the
conventional sites differ in terms of resolution, pixel size, line spacing, scan speed,
linearity correction coefficients and bone density thresholds. The linearity coefficients
are used for beam hardening effects and the coefficients used by the manufacturer are
appropriate for particular ranges of soft tissue and bone density. Therefore, the linearity
coefficients for bone density appropriate to the os calcis were established. An os calcis
phantom was constructed and used to assess the precision and the effect of size of region
of interest on precision. The phantom was also used to assess the effects of clothing and
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soft tissue thickness. In-vivo suitability of the patient positioning in two different
positions of sitting relaxed or lying towards one side for the measurement of the site was
examined in a group of normal volunteers. An appropriate ROI with uniform density
(trabecular) for better precision was established. This ROI is in the centre and flat part
ofthe os calcis. Another ROI was also established. This ROI covered the entire posterior
portion of the os calcis, with one of the borders of the ROI placed on a perpendicular
line along the fibula to the base line of the bone. A group of normal subjects were
measured to establish the ROI and also develop the ROI size for the measurement and
analysis. The mean values for young sex matched normals of the os calcis, hip and spine
were used to compare the osteopenic/osteoporotic women with the normal values
according to the WHO criteria (Kanis et ah, 1994).
3.2 Methods and materials
3.2.1 Derivation of linearity correction coefficients
In order to compensate for the low soft tissue and bone equivalent of os calcis compared
with spine and forearm sites, it was necessary to establish appropriate linearisation
values for the methods of Spine and Forearm. The linearisation values for the Spine
method, with and without the use of a build-up plate, and for the Forearm method,
without the use of a build-up plate, were obtained.
To derive linearisation values for the Spine and Forearm methods without the use of the
build-up plate, a 20 mm thick poly methyl methacrylate (perspex) plate was used to
simulate soft tissue. The reason for using the perspex plate was that the software does
not recognise any bone without enough soft tissue around it. The build-up plate
consisted of 4.5 mm aluminum alloy (EH30) and 20 mm perspex. To investigate the
linearity for the os calcis bone mineral measurement with the established linearity
correction coefficients and also to compare the linearity using the default software, 8
aluminium slabs were used. The aluminum slabs had square shapes with equal areas of
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25 cm2. The slab thickness varied from 1.6 mm - 7.8 mm with CaHA equivalent of 0.19
- 0.93 g/cm2.
3.2.2 Subject positioning
Figure 3.1a shows a subject lying on her right side to have her right heel scanned. For
this position the foot was held against a material transparent to x-ray and supported by
a device at the bottom edge of the couch while the scanning was in progress. Figure 3.1b
shows the same subject sitting relaxed for her heel measurement.
3.2.3 Region of interest selection
Selection ofROI has a crucial effect on precision, because the os calcis is a bone with
non-uniform density. 5 (2M/3F) normal subjects aged 25 - 75 years with a wide range
ofBMD (0.35 - 0.77 g/cm2) were used to find the bone density distribution along the x-
and y-axis. To improve the precision and to choose a purely trabecular bone site,
appropriate ROIs with less BMD variation were defined. Figure 3.2a shows the various
regions of interest defined for the study. To assess whether trabecular or a combination
of trabecular and cortical bone predicts hip fracture more accurately, a region of interest
containing both types of bones was selected. This region (R5) was enclosed between a
line drawn along the fibula and perpendicular to the x-axis of os calcis in such a way
that the os calcis was surrounded between the ends of the heel and the fibula. The
trabecular regions included a rectangle (R4) with a 4.0 cm2 (2.2 cm x 1.8 cm) area,
having a position in which its centre is a point about 3 cm from the heel end and 4 cm
from the sole of the foot. R3 is an octagon having an area of 2.5 cm2 surrounded by R4.
R2 is another octagon with the same area as R3 but adjacent to the left side of the Figure
(Figure 3.2a), and finally R1 which is a rectangle with an area of 2.0 cm2 (1.24 cm x 1.6
cm) enclosed by R2.
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Figure 3.1 DXA bone mineral assessment of a volunteer's heel, (a), (above), subject
was lying on her right side, (b), (below), subject was sitting relaxed.
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Figure 3.2a A volunteer's DXA image of the os calcis with different ROI for
the assessment of bone mineral and precision.
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Figure 3.2b DXA image of the os calcis phantom with different ROI for
performing various experiments and the assessment of long term precision.
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In-vivo precision was estimated for the 5 ROIs from repeat lateral scans of the right heel
of 10 (6M/4F) subjects. Precision was defined as the mean coefficient of variation in
percentage terms (%CV) for duplicate measurements with re-positioning between the
scans. The volunteers had a mean age of 37 ± 15 (20 - 72) years, a mean weight of 68.9
± 10.6 (51.2 - 85.0) kg, a mean height of 1.70 ± 0.09 (1.58 - 1.81) m.
3.2.4 Phantom measurements
An os calcis phantom was used to assess precision and perform various experiments.
The os calcis phantom, with dimensions of 4.7 mm thickness (Al), equivalent to 0.53
g/cm2 CaHA, and equal length and width of 3 cm was used. Area, BMC and BMD
precisions were obtained using 10 repeat scans. To assess the equipment stability 30
daily phantom measurements were also taken. The precision expressed as the percentage
coefficient of variation (%CV), is defined as:
[(standard deviation) ^ (mean)] x 100
The effect on the precision of the size of the region of interest was also investigated
using the os calcis phantom (Figure 3.2b). The effect of soft tissue was investigated
using the phantom in water. The effect of clothing was also investigated using the
phantom covered with different layers of stockings. For a phantom measurement 3
minutes was required.
3.2.5 Subject measurements
The BMD of the os calcis was measured in a group ofnormal subjects (n = 21) and also
in patients (n = 31) who were diagnosed as osteopenic/osteoporotic based on the spine
and/or femur BMD. The os calcis measurements were performed in the Forearm mode.
An os calcis image took only 2 minutes. Table 3.1 shows the details of the normal and
osteopenic/osteoporotic female subjects.
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Table 3.1 Details of studied females. The results are expressed as the mean ± SD
(range).
Subjects/Variables Age (y) Height (cm) Weight (kg)
Normals 27.9 ±3.7 165.1 ±6.9 68.3 ± 14.2
(n = 21) 22-36 155 - 183 46.9 - 96.8
Osteopenic/Osteoporotic 59.6 ± 12.9 157.4 ±7.2 63.9 ± 13.9
patients (n = 31) 20.0-81.0 143.0- 171.5 43.9 - 99.6
3.2.6 Statistics
Linear regression analysis was used to investigate the linearity and the effect on os
calcis bone mineral of soft tissue and clothing. Linear regression analysis was also used
to assess the relationship between the spine, total femur and neck of femur T-score with
the total os calcis and trabecular os calcis T-score. T-score is calculated as the difference
between the patient bone mineral value (P) and the mean value for young sex matched
normals (MY), divided by the standard deviation of the mean value for young normals
(SDy):
T-score = (P - MY)/SDY
In order to assess if the measurements of different regions of the os calcis are
reproducible, the scans were analysed by two different operators.
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3.3 Results
3.3.1 Derivation of linearisation values for calcaneal bone
Figure 3.3 reveals the significance of the use of the appropriate linearity correction
coefficients for the os calcis measurement, when the conventional methods of
measurement are used. For the measurement of the os calcis the Forearm and Spine
acquisition methods with and without the use of the build-up plate were developed. As
can be seen, the Spine protocols failed to detect the aluminium slab with BMD of less
than 0.3 g/cm2. The Spine method plots without the use of the build up plate (c and d)
showed significant intercepts and different slopes for BMC and BMD. The default
Forearm protocol showed significant intercepts and significantly higher slopes
compared to the modified Forearm method. The modified Forearm protocol (graphs e
and f) was significantly improved yielding insignificant intercepts and the same slope
for aluminium (g/cm2) versus BMD (g/cm2) and A 1(g) versus BMC (g) plots.
The Spine method (with the use of the build up plate) showed the same slopes for both
plots (a and b). However, to appreciate the difference more easily, assuming an initial
aluminium mass area = 0.7 g/cm2 and aluminium mass = 3.0 g being increased by 10%
the Forearm protocol increased by 9.9% in both BMD and BMC. The Spine protocol
(without the use of the build up plate) increased by 9.0% and 10.1% in BMC and BMD
respectively. Regarding the linearity, there was no significant difference between the
Spine (with the use of the build up plate) and Forearm methods. The acquired
linearisation correction coefficients for the os calcis for the Forearm and Spine methods
with and without the use of the build up plate are shown below. These coefficients were
used in place of the current software correction coefficients. Ql, Q2 and Q3 are the
software environment variables which correct for non-linearity with BMD.
(Ql = 0.3193, 0.451; Q2 = 0.6386, 0.801; Q3 = 1.117, 1.219)
(Ql = 0.3200, 0.456; Q2 = 0.6399, 0.796; Q3 = 1.120, 1.203)
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3.3.2 Development of os calcis phantom and in-vitro precision
For the evaluation of in-vitro precision and other experiments an os calcis phantom was
required. To find a typical value for BMD, a normal female's heel was scanned. Figure
3.2a shows a volunteer's DXA image of the os calcis with different ROIs, having a net
average BMD of 0.53 gem"2. The os calcis phantom, constructed of 4.7mm aluminium
equivalent to 0.54 g/cm2 CaHA, had a 9.0 cm2 (3x3) area and was embedded in 4 cm
thick perspex sheet. The perspex area was 25 cm2 (5x5). 10 repeat measurements were
taken and a CV of 0.3% (for all bone mineral variables) was achieved. Table 3.2 shows
the details of the phantom and the repeat and medium-term precision. For the medium-
term precision, 30 daily measurements were performed and a CV of 0.6% was found for
both BMC and BMD. Figure 3.2b shows the phantom DXA image.
Table 3.2 Os calcis phantom bone variables, repeat and medium term precision.
Variable Mean ± SD CV%
10 repeat Area (cm2) 8.43 ± 0.029 0.3
measurements BMC (g) 4.51 ±0.013 0.3
BMD (g/cm2) 0.535 ±0.0016 0.3
30 medium-term Area (cm2) 8.39 ±0.057 0.7
measurements BMC (g) 4.45 ± 0.027 0.6
BMD (g/cm2) 0.530 ±0.0033 0.6
3.3.3 The effect of size of region of interest on precision
The os calcis phantom image was used, to assess if the size of region of interest affects
the precision due to photon counting statistics. Figure 3.2b shows the details of different
regions. Figure 3.4 shows the plots of the os calcis phantom BMD and precision against
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Area. Figure 3.4a shows that, except for the smallest ROI (A = 0.5 cm2) which had the
highest SD, the other regions with area between 1.8-4.9 cm2 showed similar precision
of around 0.4% (Figure 3.4b).
3.3.4 The effect of soft tissue thickness
In following the course of bone mineral measurements in a patient over time, the patient
might undergo weight alterations. Such weight alterations could affect the thickness of
soft tissue overlying the os calcis. To assess if soft tissue variations affect the apparent
bone density and to verify the results of application of the established linearity
correction values, the os calcis phantom was scanned with different perspex thicknesses.
The perspex thickness varied from 1.0 - 4.5 cm in increments of 0.5 cm. Figure 3.5a
shows the measured bone density (g/cm2) changes against perspex thickness (cm). A
significant (P < 0.001) relation of (r = - 0.94) was found. However, a negligible slope
of - 0.004 g/cm2 per cm soft tissue was obtained.
3.3.5 The influence of clothing
It is difficult for the patients with established osteoporosis to take-off their foot
coverings (e.g. socks, stockings/tights), and it is also time consuming for the patient,
operator and the equipment. It was therefore, important to assess if covered feet affected
the os calcis bone mineral measurements. The influence of clothing on os calcis was
investigated using the os calcis phantom covered with different clothing layers (0.0 mm
-2.0 mm). The graphs of BMD (g/cm2) and BMC (g) versus clothing thickness (mm)
were plotted in Figures 3.5b and 3.5c. There was no significant (P > 0.05) correlation
between BMC, BMD and clothing thickness. Slopes of - 0.003 (g/cm2) per mm clothing
thickness for BMD and - 0.009 (g) per mm clothing thickness for BMC were found. The
changes in BMD and BMC per mm clothing thickness were negligible, showing that
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Figure 3.4 Investigation of effect of size of region of interest on os calcis
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Figure 3.5 The influence of soft tissue thickness on BMD (a). The influence
of clothing (stockings and tights) on BMD (b) and BMC (c) respectively. The
os calcis phantom was used for the above investigations.
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3.3.6 Os calcis bone mineral heterogeneity
Figure 3.6 shows that the os calcis is a heterogeneous bone, i.e. a bone with non-uniform
density. This non-uniform density can substantially affect the precision. It was therefore
crucial to select regions of interest with less BMD variation. Table 3.3 and Figure 3.6a
show variation in BMD with distance from the sole of the foot for five healthy
volunteers. It can be observed that the density distribution varies considerably from the
compact part of the site to less dense (purely cancellous) regions. Here from about 3 cm
to 5 cm there is less change in BMD (~ 6.6%) giving a mean length of approximately
2 cm and a measurement point of approximately 4 cm from the sole of the foot. Table
3.4 and Figure 3.6b show the density distribution with increasing the distance from the
heel end; the average change is about 6% for a mean length of 1.5 cm and a
measurement point of 3 cm from the heel end. The criteria to establish the plateau region
are shown in Tables 3.3 and 3.4. The plateau region had less than 10% variation in
BMD with a measurable length in order to get precise measurements. Therefore, to
reduce the scan time and increase comfort of the patient a measurement point of 3 cm
from the heel end and 4 cm from the sole of the foot would be measured. The os calcis
region of interest measurement size would have equal length and width of 8 cm.
3.3.7 In-vivo reproducibility
Table 3.5 shows the os calcis BMC and BMD precision for the various ROIs for each
subject. Table 3.5 shows that in-vivo BMC precision ranges from 0.0% - 9.4% and the
BMD ranges from 0.0 - 4.5%. Table 3.6 shows the mean BMC and BMD precision
ranges obtained by two different operators. Each operator found similar BMC and BMD
precision for all the regions. Figure 3.2a shows the details of the various regions. Both
operators found similar BMC and BMD precision for all the regions except R1 (for both
variables) and R5 (for BMC). A low BMC precision was found for R5. However, the
BMD measurement was as precise as the R3 and R4 regions. R5 bone density
measurement was precise, because the bone density is uniform around the line aligned
with the right side of the fibula (left side of R5 box). R5 is referred to as the 'total' os
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Figure 3.6 Variation of BMD (g/cm2) with the distance (cm) from the sole
of the foot (a) and from the end of the heel (b).
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Table 3.3 Variation of heel BMD with distance from sole of foot for five healthy
subjects.
Distance from LB ID SL KS PT
foot sole (cm) F M F F M
1.6 - - .537 - -
2.0 - - .359 - .771
2.4 .820 1.03 .334 .703 .636
2.8 .591 .875 .324 .681 .493
12 .520 .628 .319 .526 .409
M .481 .540 .339 .513 .408
TO .417 .514 .390 .494 .449
4A .408 .527 .456 .481 .500
18 .467 .550 .535 .471 .565
5.2 .572 .600 .542 .523 .642
5.6 .654 .739 .493 .582 .676
6.0 .674 .563 .519 .646 -
6.4 .620 .345 .393 - -
change 8.1% 6.0% 4.6% 4.5% 9.8%
in BMD
The underlined numbers show less variations in heel BMD (i.e. between a certain distance from sole of foot).
Average BMD change for the underlined ranges = 6.6% Average plateau length ~ 2cm
Measurement point ~ 4cm from foot sole F and M denote female and male
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Table 3.4 Variation of heel BMD with distance from heel end for five healthy subjects.
Distance from LB ID SL KS PT
heel end (cm) F M F M M
1.3 1.13 - - - -
1.4 .720 1.25 .833 .960 -
1.6 .527 .956 .586 .691 1.23
L8 .443 .635 .408 .499 .706
2A .407 .523 .337 .449 .507
2A .406 .493 .316 .473 .439
2j5 .422 .515 .322 .501 .427
Z9 .456 .564 .342 .538 .414
32 .499 .621 .364 .562 .429
32 .550 .689 .395 .571 .449
11 .561 .728 .408 .555 .463
4.0 .550 .746 .366 .498 .457
4.3 .480 .754 .330 .417 .422
4.5 .411 .739 .311 .365 .371
4.8 - .671 .307 .324 .336
5.1 - - - - .334
change 8.1% 5.9% 5.6% 7.8% 4.0%
in BMD
The underlined numbers show less variations in heel BMD (i.e. between a certain distance from heel end).
Average BMD change for the underlined ranges = 6.3%
Average plateau length ~ 1.5cm
Measurement point = 3cm from heel end F and M denote female and male
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Table 3.5 In-vivo precision for various regions of the os calcis. CV% is (100 x
SD/Mean) for duplicate measurement.
Subject ROI Mean BMC ± SD CV Mean BMD ± SD CV









































































































































































































































































Table 3.6 In-vivo precision (mean CV ± SD) for heel bone mineral measurements,
calculated from the data shown in Table 3.5.
Operator I. Operator II.
ROI CVBMC (%) CVBMD (%) CVBMC (%) CVBMD (%)
R5 1.2 ± 1.4 1.2 ± 1.3 1.8 ± 1.1 1.8±1.2
R4 1.8 ± 1.4 1.8 ± 1.4 1.9 ± 1.2 2.0±1.1
R3 1.0 ±0.9 1.1 ±0.7 0.9 ±0.9 0.9 ± 0.6
R2 1.0 ±0.8 1.1 ±0.7 0.9 ±0.8 1.1 ±0.6
R1 2.8 ± 2.8 0.9 ± 0.5 3.8±3.1 0.8±0.6
3.3.8 Subject results
The os calcis BMD of the normal females and females with osteopenia/osteoporosis are
compared in Table 3.7. The student t-test reveals that there is a significant difference
between the normals and the patients.
Table 3.7 Comparison of os calcis bone density of normal females with
osteopenic/osteoporotic females.
Subjects/Variables BMD ± SD Range t-value p-value
Normals Trabecular 0.543 ± 0.058 0.418-0.651
(n = 21) Total 0.560 ± 0.057 0.454 - 0.664
Osteopenic/Osteoporotic Trabecular 0.423 ± 0.104 0.256 - 0.658 -4.7 0.0002
patients (n = 31) Total 0.457 ±0.103 0.297 - 0.689 -4.1 0.0001
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Figure 3.7 shows regression ofnormal female trabecular os calcis and total os calcis BMD
on age. The graphs show that there were no significant slopes (P ^ 0.13) over the age
range of 22 - 36 years. This age range is similar to other site age ranges that the
manufacturer used to establish the young normal BMDs. The age ranges for spine and
total femur are 20 - 35 years and 22 - 34 years, respectively. Coefficients of variation
(SD/mean) obtained for trabecular and total os calcis were found to be 10.7% and 10.1%,
respectively. These values are also comparable to the values that have been found for
other sites by the manufacturer. However, to appreciate more easily if there were any
significant changes from the mean BMD values for a decade, the regression equations
were used. For an age range of 23 -33 years as examples, there was less than 1 SD change
in BMD for the trabecular and total os calcis.
Figure 3.8 reveals the relationships between BMD T-scores for spine, total femur, neck
of femur and those for the total os calcis and trabecular os calcis for the female subjects
who were referred for spine/femur bone assessment. The Figure compares the T-score
values obtained for each site and shows how many women were identified as normal,
osteopenic or osteoporotic by each site according to the WHO criteria. The relations
between each of the above sites and total os calcis and trabecular os calcis are also
compared with each other. High correlations were found between spine, total femur and
neck of femur and trabecular os calcis. Similar correlations between these sites and the
total os calcis were obtained. However, higher correlation for the spine compared to the








































































Figure 3.7 BMD of different regions of the os calcis as functions of age for thenormal females (n=21). (a) and (b) show the data for the trabecular and totalregions respectively. The solid lines are the least square (±2SD) fit to the data.
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Figure 3.8 Relationship of spine, total femur and neck of femur with the total os calcis and
trabecular os calcis. The symbols show the patients bone density values (N=31). The
boxes correspond to the WHO criteria for normal, osteopenic and osteoporotic patients.
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The predictive equations for the spine, total femur and neck of femur from the
total/trabecular os calcis are shown in Table 3.8. The table also shows the correlation
(r), standard deviation (SD) and the significance value (p) for the equations.
Table 3.8 Prediction of spine, hip and neck of femur BMD T-score from the total os
calcis and the trabecular os calcis in women (n = 31).
Predictive equation r SD P
Y = A + B * X
Spine = - 0.754 + 0.532 * total os calcis 0.65 1.15 <0.0001
Spine = - 0.759 + 0.462 * trabecular os calcis 0.56 1.26 0.001
Total femur = - 0.224 + 0.510 * total os calcis 0.72 0.902 <0.0001
Total femur = - 0.099 + 0.506 * trabecular os calcis 0.70 0.926 <0.0001
Neck of femur = - 0.757 +0.474 * total os calcis 0.71 0.865 <0.0001
Neck of femur = - 0.662 + 0.459 * trabecular os calcis 0.68 0.905 <0.0001
SD = standard deviation of prediction, r = linear correlation and p = significance value.
Table 3.9 shows the number of female subjects measured by each site identified as
normal, osteopenic and osteoporotic. The table reveals that 9/31 = 29% had a normal
spine, 13/31 = 42% were osteopenic and 9/31 = 29% were osteoporotic. A higher
number of subjects were assessed as normal and fewer as osteopenic or osteoporotic
patients based on the total femur measurement. Femur neck measurements identified
many more subjects as patients with osteopenia or osteoporosis and only 3 (10%)
subjects as normal. The very high number of patients apparently identified as
osteopenic/osteoporotic is due to an artifact in the measurement of the neck of femur
by QDR DXA scanners (Lunar News July 1996 and December 1996). The reasons for
this artefact will be given in more detail in the discussion and conclusion section.
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Table 3.9 The T-score values for the female subjects who were referred for a bone
density assessment.
Normal Osteopenic Osteoporotic
Spine 9 (29%) 13 (42%) 9 (29%)
Total femur 13 (42%) 12 (39%) 6 (19%)
Neck of femur 3 (10%) 14 (45%) 14 (45%)
Total os calcis 11 (36%) 6(19%) 14 (45%)
Trabecular os calcis 7 (23%) 10(32%) 14 (45%)
Spine + total femur 8 (26%) 13 (42%) 10 (32%)
Spine + total femur + total os calcis 6(19%) 8 (26%) 17(55%)
Normal: A value ofBMD that is not more than 1 SD below the young adult mean value.
Osteopenic: A low BMD that lies between 1 and 2.5 SD below the young adult mean value.
Osteoporotic: A value of BMD that is more than 2.5 SD below the young adult mean value.
NB the above definitions are the WHO criteria for normal subjects, osteopenic and osteoporotic
patients.
3.4 Discussion and conclusions
This study established a feasible technique for the os calcis measurement that is linear,
soft tissue thickness independent and precise. Os calcis bone mineral measurement by
DXA is associated with very low exposure to ionising radiation. The time required for
an os calcis measurement is one-third of the time required for spine/femur measurement.
A point ofmeasurement that has a uniform distribution of trabecular bone tissue was
established. This measurement point is situated in the centre and at the flat part of the
calcaneus. Two ROIs were developed for future measurements. These ROIs are (a) a
square box, having an area = 4 cm2, positioned away from the os calcis cortical layers
in a site with the least non uniformity in density, (b) A region positioned so its area
includes the whole posterior part of the os calcis, with one of the sides ofROI placed
on a perpendicular line along the fibula to the baseline of the os calcis. These ROIs can
easily be created for any subject by comparing her/his image with a pre-analysed
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reference scan. The created ROI can be located in the most appropriate position just like
other conventional measurement sites. The region with the minimum BMD can clearly
be observed on the monitor screen to locate the created ROI.
In the present study high correlations between spine, neck of femur and total femur with
trabecular and total os calcis were found and in particular better correlation between
spine/total os calcis was found compared to spine/trabecular os calcis. Despite,
moderate correlation between US parameters and femoral neck (Korczyk et al., 1993
and Lees et al., 1993), US measurements at os calcis predict hip fracture as accurately
as do femoral neck BMD (Hans et al,. 1996 ). The reason is that both BUA and BMD
are independently related to fractures (Gliier et al., 1996). Excellent correlations
between the os calcis BMD (using SXA) and US parameters have been reported (Gliier
et al., 1992; Waud et al., 1992; Salmone et al., 1994). It has also been reported in a large
epidemiological study that os calcis BMD was better than BMD of spine for the
prediction of hip fractures (Gliier et al., 1996). Therefore, it seems that the os calcis
DXA measurement has a significant value for the prediction of fractures and response
to therapy.
In this study the patients with osteopenia/osteoporosis were compared with normals
using the T-score. Spine, neck of femur and total femur were compared with trabecular
os calcis and total os calcis. Using the WHO criteria spine, total femur and total os
calcis found a different number of subjects as normal, osteopenic or osteoporotic
patients. A higher number of the referred subjects were diagnosed as
osteopenic/osteoporotic for the neck of the femur than either spine/total femur or even
spine plus total femur. The reason is that the reference values for neck of femur BMD
provided with the QDR scanner differed significantly from that observed in the National
Health and Nutrition Examination Survey (NHANES) (Looker et al., 1995). There is
a particular problem with the values for young normal subjects which are used to
calculate the T-score. The disparity between the QDR neck of the femur and NHANES
values are due to higher young normal BMD and lower SD established by the QDR
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compared to NHANES, leading to a + 6.5% difference from NHANES values.
Combination of spine and total femur diagnosed a higher number ofpatients at fracture
risk. Adding the total os calcis to spine/total femur measurements, a further number of
subjects at risk of fracture were identified. ANOVA also confirmed that there was no
significant difference (P = 0.23) between the osteopenic/osteoporotic patients and the
normal group for the T-scores of the spine, the various regions of the os calcis and the
femur. Therefore, assessment of os calcis can predict the risk of fracture at other sites
at an earlier stage so that appropriate measures can be taken to slow or stop the
progression of the diseases.
Wasnich et al. (1987a) used identical ROI to Vogel et al (1979) who used a modified
rectilinear SPA technique. Using DPA the anatomic location of os calcis scanning site
encompassed a 2.5mm section through the central portion corresponding to the area of
least mineral content. They obtained a CV of 1.16% and a total time of 10 minutes for
each scan. However, DPA scanners are no longer manufactured due to them having
some disadvantages.
Kotzki et al. (1993) measured the BMD of the os calcis by DXA (Sophos LXRA
osteodensitometer). The outline of the calcaneus was automatically defined, except for
the line beginning in the location of the trigon bone and perpendicular to the main axis
of the calcaneus. The in-vivo precision of the method was 1.28%. They showed the
superiority of the os calcis as a measurement site over the lumbar spine, in relation with
the existing fractures in the presence of osteoarthritis.
Yamada et al. (1993) performed absorptiometry with a QDR-1000 bone densitometer.
They measured the lumbar spine and calcaneal bone laterally using a group of pre- and
post-menopausal women. In-vivo os calcis precision was 3.1%. In our study we found
significantly better precision (1.1%). They found a correlation of 0.76 between the os
calcis and spine, which is similar to the present results (0.65).
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Suleiman et al. (1994) studied 124 normal post-menopausal women aged 57 ± 2 years.
They used a Norland XR-26 DXA scanner. In-vivo precision was 1.2%. They obtained
an os calcis mean value of 0.547 ± 0.083 g/cm2, which is comparable with our results
(0.543 ± 0.058). However, the total os calcis measurement time was not quoted.
Pye et al. (1994) performed DXA of the calcaneus using a Lunar DPX-L bone
densitometer with a modified version of the manufacture's forearm protocol. They
examined 4 ROIs placed in positions comparable to the regions examined by two
different US bone scanners. A BMD precision range of 1.6% - 4.9% was reported.
However, the disadvantage of their technique was the long time (-30 min) required for
the analysis.
In summary, it can be concluded that the main drawbacks of the above methods are
either the long total measurement time, poor reproducibility, the requirement of a
waterbath when the SPA technique is used or the technique is no longer used. Later
generations ofDXA bone densitometers offer the possibility of supine lateral scanning.
These fan beam bone scanners take high quality lateral images of the entire spine in a
few seconds with even better resolution. These two advantages, i.e. lateral scanning and
a short scanning time, can further assure the osteopenic patients comfort who usually
suffer chronic back pain and who cannot sit comfortably on the scanner table without
support. This short screening time allows several images to be taken each time to
compare the means of BMDs, giving improved diagnostic sensitivity and therapy
response.
Because os calcis bone assessment has a significant value in the management of
osteoporosis, different methods for assessment of this site have been developed. The
Lunar bone scannermanufacturer has recently introduced a new generation ofperipheral
DXA bone densitometer. The equipment is portable and it is called Peripheral
Instantaneous X-ray Imager (PIXI) which measures the os calcis in less than a minute.
PIXI employs the DXA technique, eliminating the need for a waterbath.
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There is still some controversy over the significance ofBMD determination at different
skeletal sites as indicators of skeletal integrity. Measurements of hip and spine are
generally considered as the most reliable predictors, since these are the sites most prone
to osteoporotic fracture. Measurements of such sites may not be the most appropriate
method of screening a large proportion of the population, for a variety of reasons. BMD
measurements of os calcis, though it is not at risk ofosteoporosis fracture, may provide
valid alternatives for initial bone mineral assessment, and a complementary bone
evaluation in addition to DXA imaging of the femur and spine.
In summary, due to the following facts, it can be concluded that although it might have
seemed that os calcis measurement had limited value, it warrants the prediction of
osteoporosis at an early stage and seems a useful site for bone quality assessment at
other sites.
1. Short measurement time required.
2. With appropriate linearity correction factors the measurement is linear, precise and
independent of soft tissue thickness.
3. Measurement of os calcis can be a complementary to spine/femur measurements.
4. There was no significant difference between the patients' T-scores for the spine, os
calcis and the femur.
5. Modern DXA systems with faster scanning speeds and/or lateral supine imaging
would offer significant advantages.
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Chapter 4
Bone Mineral Assessment ofDifferent Regions of the Lower Leg
4.1 Introduction
There is substantial evidence suggesting that presence of compact or cortical bone is a
major factor contributing to bone strength and fracture resistance (Rockoff et al., 1969;
Mazess et al., 1990 and Vesterby et al., 1991). Thompson (1980) in his study of a group
ofwhite cadavers, measured the anterior mid-shaft section of right femurs and cortical
thickness was measured using callipers. The cortical thickness decreased by 18% in men
and by 30% in women, in non-osteoporotic femurs between the sixth and ninth decades.
Similar results were described by Laval-Jeantet et al. (1983) in non-osteoporotic humeri.
Ruff et al. (1988) found, in tibiae and femurs of men and women, gradual medullar
expansion with age. In addition, they found a greater reduction with age in the cortical
area of the tibial shaft (between 5.6% and 11.0% per decade) than in the femoral neck
(5.5% per decade) in women.
The measurement of ultrasound velocity and ultrasound attenuation provides
information on skeletal status and has recently received attention (Langton et al., 1984
and Miller et al., 1993). In cross-sectional studies, ultrasound measurements have been
shown to differ significantly between osteoporotic and normal individuals (Miller et al.,
1993 and Herd et al., 1992). The technique discriminates between individuals with and
without spinal fractures as well as absorptiometey (Heany et al., 1989). The sites most
widely evaluated by ultrasound scanners have been the os calcis and patella. Most
information is available for the heel, which is predominantly trabecular bone. However,
loss of cortical bone is also important in determining the risk of fracture, even at sites
of predominantly cancellous bone such as the spine (Vesterby et al., 1991 and Spardo
et al., 1992). Therefore, an ultrasound scanner has recently been developed for the
diagnosis and monitoring of osteoporosis (SoundScan 2000, 1994). The instrument
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measures the speed of propagation of ultrasound waves along a fixed length of the
cortical layer at the tibial shaft.
Using DXA, Mottet et al. (1996) studied thirty four patients on hemodialysis (HD),
twenty five patients on continuous ambulatory peritoneal dialysis (CAPD) and 125
normal subjects. BMD was measured at the lumbar spine (trabecular bone), the femoral
neck (mixed cortical and trabecular bone), the distal tibial diaphysis (cortical bone) and
the epiphysis (trabecular bone) in all subjects. At the lumbar spine, no significant
difference in BMD was observed between the three groups. At the femoral neck and the
tibial epiphysis, HD patients had lower BMD (P < 0.001) than normal controls. They
reported that at the tibial diaphysis, patients on HD had a lower BMD (P < 0.001) than
the patients on CAPD and the normal controls.
Accurate determination of BMD of the spine and femur is not always possible in
patients with scoliosis, vertebral fractures, wedging or apophyseal osteophytosis and
femoral fractures (Wahner et al., 1984). Furthermore, bone mineral measurements of the
forearm or wrist are inadequate predictors of the lumbar spine and the proximal femur
and neither can be used to predict the femur nor the femur to predict the spine with
sufficient accuracy on an individual basis (Krolner et al., 1980). Therefore, the purpose
of this chapter was to assess the usefulness of the lower leg as a site for bone density
measurements with DXA.
Excellent correlations between measurements of trabecular bone in the distal radius and
in the spine (r = 0.92) and tibia (r = 0.88) have been reported (Rtiegsegger et al., 1984).
Using dual photon absorptiometry (DPA) with 153Gd as a source, Checovich et al. (1989)
measured proximal tibia BMC and BMD of a group of women, aged from 23 to 87
years. They found that BMD was significantly correlated with the lumbar spine (r =
0.70), femoral neck (r = 0.73) and femoral trochanter (r = 0.74). In conclusion, the
majority of evidence points to the considerable contribution of the compact layer of
bone to fracture resistance. Therefore, assessing different tibial ROIs which contain
different proportions of cortical and trabecular bone by DXA may be useful to identify
fracture risk among post-menopausal women and the elderly population at large.
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The two most important criteria in the selection of a technique for the assessment of
bone quality are its ability to discriminate between normal and osteopenic patients prior
to the appearance of a compression fracture, referred to as diagnostic sensitivity, and its
effectiveness in monitoring changes with time, e.g. response to therapy, for which
precision is the crucial factor. The precision was, therefore, assessed. The objective of
this study was to develop a DXA technique for the measurement of bone density along
the tibia and lower leg bones (tibia/fibula).
For accuracy, precision, stability, cost, subject dose and compliance DXA is the most
appropriate choice. DXA also has the advantages of freedom to select skeletal site,
speed and ease of scanning. However, the available protocols differ in terms of pixel
size, line spacing and consequently scan speed, linearity correction factors and bone
density thresholds. Therefore, the three acquisition methods of Forearm, Spine and
Whole body were evaluated to assess linearity and the effect of soft tissue thickness. The
agreements for leg bone mineral measurements between the Forearm/Whole Body and
the Spine/Whole Body acquisition protocols were also assessed.
In order to assess the bone loss caused by the osteoporosis in different regions of the
lower legs, four ROIs along the lower leg were defined. The ROIs included the
predominantly trabecular bones (combined tibia/fibula) of the distal and proximal leg,
a mixed region (trabecular and cortical bone) between the proximal ROI and the middle
of the lower leg and a cortical region along the middle of the leg.
Thirty five pre-menopausal normal female subjects' images of the spine and total body
were analysed. The total body scans were then re-analysed using the sub-region analysis
facility. The required ROIs were created. The effect of rotation of the lower leg on bone
mineral measurements of different ROIs of the combined tibia/fibula was investigated.
Precision was assessed for each ROI using 32 subjects of the normal group who had
repeat measurements in 6 months. The young normal subject ranges for different ROIs
were established. The correlations between the various ROIs of the leg with physical
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size and the vertebral body were established. Thirty seven female subjects referred, on
the suspicion of suffering from osteoporosis /osteopenia, were used. The subjects had
scans of the whole body, femur and spine. The two groups were compared using the T-
score of the various ROIs of the lower leg, femur neck, total femur, spine and the whole
body. The T-scores for the various regions of the lower leg were derived using the
normal group. The T-score for the spine was calculated using the Hologic young normal
data. There was a particular problem with the manufacturer values used for young
normal subjects to calculate the T-score for the femur neck and the total femur (Lunar
News, July 1996 and Lunar News, December 1996). Therefore, the National Health and
Nutrition Examination Survey (NHANES) (Looker et al., 1995) young normal data were
used to derive the femur neck and the total femur T-scores. The manufacturer has also
recently converted their data for the femur to NHANES normal data. The effect of the
osteoporosis on the dominant and non-dominant leg was also investigated. The World
Health Organisation (WHO) classification of normal, osteopenia and osteoporosis
(Kanis et al., 1994) was used to compare the two groups.
4.2 Methods and materials
4.2.1 In-vitro measurements
X-ray beam hardening may result in a non-linearity between the measured and true
BMD. For each protocol the manufacturer incorporates correction factors into the
analysis program to compensate for this effect but these are dependent on the actual
density and the thickness of the tissue. To investigate the linearity aluminium strips
were used to simulate the tibia and hardboard sheets were used to simulate the overlying
soft tissue. The aluminium strips had equal length, width and thickness of40 cm, 4.5 cm
and 1.78 mm, respectively. The linearity was investigated over a range of 0.75 - 1.8
g/cm2 equivalent of calcium hydroxyapatite (CaHA) by increasing the thickness (5.3 -
12.5 mm) of the aluminium strips. The same aluminium strips were used to determine
the effect of the soft tissue on the tibial bone mineral measurements. Hardboard sheets
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having 3 mm thicknesses were used over a wide thickness range of 4 - 13.8 cm.
A whole body phantom was used to make the in-vitro investigations. The detailed
construction of the whole body phantom is explained in chapter 5. In-vitro tibial bone
mineral measurements were performed in the three acquisition methods of Forearm,
Spine and Whole Body. The relationships between the measured tibial bone mineral
parameters of the methods ofForearm and Spine with the total body acquisition method
were assessed.
4.2.2 In-vivo measurements
To study the feasibility ofDXA imaging of the tibia in the Forearm acquisition mode,
five healthy volunteers of both sexes (25 - 73 years) were scanned. An example of the
type of image obtained is shown in Figure 4.1a. The subjects turned the right leg to one
side to have the images of tibia/fibula taken separately. However, most of the subjects
felt uncomfortable because they had to hold the leg in this posture for about 15 minutes
while the scanning was in progress. The other disadvantage was that the Forearm mode
did not allow a measurement length exceeding 23 cm. It was not, therefore, possible to
scan the entire lower leg even in a normal posture. Therefore, previously acquired whole
body and lumbar spine scans of 35 normal females were re-analysed. The spine scans
were used in order to assess the correlations between the various ROIs of the lower leg
with the spine BMD. In order to assess the effect of osteoporosis on the neck of the
femur, total femur, spine, total body and the various regions of the lower legs, scans of
37 osteopenic/osteoporotic females based on the spine/ or femur BMD were re-analysed.
The analysis of the scans of the lower legs included both the tibia and fibula. Table 4.1
shows the characteristics of the subjects. Precision was calculated as the mean
coefficient of variation (CV) of repeat measurements on 32 normal subjects where the
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Figure 4.1a A lower leg DXA scan, using the Forearm acquisition protocol.
Table 4.1 Details of females studied. The results are expressed as the mean ± SD and
range.









Osteopenic/Osteoporotic 57.5 ±15.2 158.4 ±8.1
patients (n = 37) 19.0 - 76.0 136.0 - 176.5
61.1 ± 11.8
37.7 - 104.6
4.2.3 Region of interest selection
Using the regional body composition analysis facility of the scanner, the lower-right leg
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selected from total body images was divided into 4 ROI (R1 - 4). The proximal tibia, R1
(spongy bone) was created having a height of 4 - 5 line intervals (1 line interval = 1.3
cm) depending on the subject height and consequently the leg size. The difference
between the two kinds of bones (i.e. trabecular and cortical) could be differentiated on
the monitor screen. R2 (compact bone) was chosen having 8-10 line intervals, below R1
(Figure 4.1b). R3 (cortical bone) was created with the same size as R1 and below R2.
Finally, R4 (trabecular bone) was selected to have the same length as R2. The bottom
ofR4 ROI box just touched the widest part of the tibia, which can usually be easily seen
visually on the monitor screen. R4 was positioned in such a way that prevented over¬
lapping of the more dense part of the foot (the talus) with the tibia/fibula. There was one
line interval space between each ROI box so that the areas of the ROI boxes do not over¬
lap giving an over-estimate of the total lower leg. The width of the ROIs had no
influence on the BMD.
Selecting different sub-regions of the lower-right leg, with different proportions of
cortical and trabecular bone, allowed the regions which correlated best with the BMD
of the spine and femur to be determined. In addition, this provides an indication of
which sub-region gave the best separation between the control subjects and the patients
referred because they were considered to have a high risk of osteopenia/osteoporosis.
The total regions corresponding to the right and left lower legs are shown as regions R5
and R6, respectively, in Figure 4.1b.
4.2.4 The effect of rotation of the legs
In order to investigate the effect of rotation ofthe leg on the bone mineral measurements
of the different ROIs of the lower leg due to changes in bone projected area, 3 subjects
(1 male/2 females) were measured. The subjects rotated their legs inwards and held their
feet against a device provided by the manufacturer for holding the legs in a proper
posture for hip bone density measurements.
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R1 44.62 50.38 1 129
R2 64.09 74.72 1 166
R3 26.77 38.00 1 419
R4 54.76 64,39 1 176
R5 190.25 227.48 1 196
R6 188,22 229.40 1 219
NETAUG 378.48 456.88 1 207
UGH. Edinburgh.
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Figure 4.1b Lower leg regions selected from a whole body DXA scan.
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In order to investigate the effect of an extreme change in leg orientation on the bone
mineral measurement of the various ROIs of the combined tibia/fibula, the 6 legs were
rotated inwards. This resulted in an angular rotation of 26° ± 9° (14° - 35°). The
subjects were measured twice; first the legs were kept in a normal posture and then
rotated inwards. The subjects had different leg rotation angles from the initial normal
posture and even for the same subject the rotation angle was different between the two
legs. The percentage changes in the bone mineral parameters from the initial values were
calculated for the various ROIs and the values were compared with each other.
4.2.5 Data analysis
Linear regression analysis was used to investigate the linearity and the effect of soft
tissue thickness on the tibial bone mineral measurements. Linear regression analysis was
also used to assess the relationships between the different protocols of Forearm and
Spine with the Whole Body protocol for tibial bone mineral measurements. The
correlations between the bone density of the various ROIs of the lower leg with the
lumbar spine for the normal subjects were investigated using regression analysis. T-
score is defined as the deviation from the sex-matched young normals and is calculated
as:
T-score = (P - MY) ^ SDY
P is the patient bone mineral value and MY is the mean value for young sex matched
normals and SDY is the standard deviation of the mean value for young normals.
The T-score for the various regions of the lower legs were derived using our normal
group. The manufacturer's normal data were used to calculated the T-score for the spine
and the whole body. However, the reference values for the neck of femur and total
femur BMD provided by the manufacturer differed significantly from that reported in
NHANES (Looker et ah, 1995). Therefore, NHANES (Looker et ah, 1995) young
normal data were used to calculate the T-score for the femur neck and the total femur.
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Analysis ofvariance (ANOVA) was used to find if there were any significant difference
between the T-score means of the femur neck, total femur and proximal and distal leg.
A student t-test was used to find if there were any significant difference between the T-
score of the dominant and non-dominant leg. Using linear regression analysis, the
correlations between the T-scores of the spine, femur neck and total femur with the
various ROIs of the lower leg were found. The correlations between the T-score of the




Figure 4.2 shows the variation of measured bone mineral parameters with respect to
aluminium strip thickness. The apparent variation in area for an aluminium thickness
range of 5.3 - 12.5 mm was measured. The Whole Body method under-estimated the
area quite considerably for an aluminium thickness of less than 7 mm; for higher
aluminium strip thicknesses, closer results to the true value were found, but still with
almost a 6% under-estimation. The Forearm technique over-estimated the area by
approximately 10%. The BMC and BMD results were linear for all the protocols. The
maximum difference in BMC was 123% over the range measured but the maximum
difference in BMD was 95%. Because ofthe non-zero intercepts the apparent percentage
change for any particular true change in BMC or BMD depends on the initial value. The
measured changes corresponding to 10% increases from a reasonably typical bone
thickness corresponding to 10 mm aluminum were calculated. For BMC the measured
changes were 10.1, 8.8 and 9.5% for the Whole Body, Spine and Forearm protocols,
respectively. The corresponding changes for BMD were 9.6%, 9.3% and 8.3%,
respectively.
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■ Whole Body (WB) • Forearm (FA) a P Spine (PS)
Al Strip Thickness (mm)
Figure 4.2 Investigation of the linearity of bone mineral measurements with
Al strip (simulating tibia) thickness. The regression equations are shown for
the various protocols. In all cases r > 0.999 and p < 0.00001. The figures in
bold show the percentage increase in the measured bone mineral parameter
for a 10% increase in an initial Al thickness of 10 mm.
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4.3.2 The influence of soft tissue thickness
Figure 4.3 illustrates the effect of soft tissue thickness on area, BMC and BMD
measurements. Significant linear correlations were found between area, BMC and BMD
with the soft tissue thickness for the Forearm and Spine acquisition methods. The Whole
Body acquisition method did not show linear correlations for area and BMC with soft
tissue thickness variations. In fact there were large under-estimations in area and BMC
for a soft tissue thickness of over 11 cm. Because the effects on BMC and area for soft
tissue thickness greater than 11 cm were similar there was no corresponding effect on
BMD. Therefore, the effect of soft tissue thickness variation was similar for all methods
for BMD measurements. The effect of soft tissue on BMD measurements was minor
(less than precision) and the change in BMD per centimetre soft tissue thickness
variation was s 0.41%. Flowever, to appreciate the changes in BMD for an increase of
25% in soft tissue thickness from an initial thickness of 10 cm, the Whole Body, Spine
and Forearm methods estimated changes of 0.71%, - 0.71% and - 1.1%, respectively.
4.3.3 In-vitro correlation of the Forearm and Spine methods with the Whole Body
method
Figure 4.4 shows the in-vitro correlation of the Forearm and Spine acquisition methods
with the Whole Body acquisition method for the tibial bone mineral measurements.
Aluminium strips were used to simulate the tibia. The data obtained from the Forearm
and Spine methods were regressed on the data acquired by the Whole Body acquisition
method. Significant linear relationships for BMC and BMD, but different intercepts (A)
and slopes (B) were found. In order to appreciate more easily the percentage difference
obtained for a 10% increase in BMC and BMD from initial values of 100 g and 1.0
g/cm2 for the Whole Body acquisition method, the Spine and the Forearm methods
showed 10.1%, 9.9% increase in BMC and 9.4%, 9.1% increase in BMD, respectively.
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Forearm (FA) Whole Body (WB) P Spine (PS)
FA Y = 49.9 + 0.145
PS Y = 45.5+ 0.100
X, R = 0.99&P = 0.0001









FA Y = 54.5 - 0.089 * X , R = -0.98 & P = 0.0003











WB Y = 1.232 + 0.0036 *X, R = 0.86 & P = 0.03
PS Y = 1.162 - 0.0033 * X , R = -0.98 & P = 0.0005
FA Y = 1.089 - 0.0045 * X , R = -0.99 & P < 0.0001
n—
128 9 10 11
Soft Tissue Thickness (cm)
13 14
Figure 4.3 The effect of soft tissue thickness on tibial bone mineral
measurements for the various protocols. For this investigation Al
strips were used to simulate the bone. Error bars show the SD of the data.
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The data for the five normal subjects agrees reasonably well with the in-vitro data,
considering the limitations of the semi-anthropometric Whole Body phantom.
4.3.4 The effect of rotation of the legs on the various ROIs of the lower leg
Figure 4.5 shows the effect of rotation of the legs on the various ROIs of the combined
tibia/fibula bone mineral measurements. Figure 4.5a shows that when the legs were
rotated inwards the projected areas were decreased (except Rl) from their initial normal
orientation values. However, due to the anatomical structure of the tibia/fibula
orientation, the projected area increased for the proximal leg (Rl) when the legs rotated
inwards. The maximum percentage change in bone area in the two different leg postures
was found for the distal leg (R4). The maximum percentage change in BMC due to the
leg rotation was found for the proximal and distal leg and the minimum for the entire
leg (Figure 4.5b). However, due to an apparent increase in the proximal leg (Rl) bone
area, caused by rotation of the legs and a decrease in the mean BMC for the same ROI,
there was a minimal and insignificant change in BMD of the proximal leg ROI (1.5%
± 6.0%) (Figure 4.5c). The maximum increase in BMD (P < 0.05) due to rotation of the
legs was found for the distal leg (R4). This large BMD change (10% ± 3.6%) was
caused by an under-estimation in bone area and over-estimation in BMC.
4.3.5 In-vivo bone mineral and precision values for the different ROIs of the lower
leg
Table 4.2 shows the details and precision of bone mineral parameters of each ROI of
the lower legs selected from the whole body scans of 32/35 normal female subjects.
ANOVA between the precision of different ROIs of the lower-right leg was performed.
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rigure 4.5 The effect of extreme rotation (26 ± 9 degrees) of the lower leg
Dn the various ROIs of the combined tibia/fibula bone mineral measureme
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However, the CV was consistently lower for BMD than BMC. ANOVA also revealed
that there was no significant (F = 1.8, P = 0.12) difference between the means of the
lower-right leg both lower legs and distal lower-right leg (R4) BMD.
4.3.6 Correlation of BMD of the various ROIs of the lower leg with body stature
Figure 4.6 demonstrates BMD of the various regions of the lower-right leg, total lower-
left leg and both legs as a function of age. As can be seen, despite a wide age range there
was no significant correlation between BMD of any region and age. BMD correlation
of each ROI of the lower-right leg, total lower-right leg and both lower legs with age,
height and weight are tabulated in Table 4.3. There were no significant (P > 0.05)
associations between BMD ofRl, R2, R4 and height. Good correlations were found
between the proximal (Rl) and distal (R4) lower leg BMD's and weight. Higher
correlations were found between the BMD of the predominantly trabecular regions of
the lower leg (Rl, R4) than the predominantly cortical regions (R2, R3) with weight.
Moderate correlations between the lower-right, lower-left and both lower legs and
weight were found.
Table 4.3 Correlation (r) ofBMD of the various ROI of the lower-right leg, both lower-
right and left leg and both lower legs with age, height and weight.
Variable Rl R2 R3 R4 right leg left leg both legs
Age r 0.12 0.16 0.19 0.24 0.19 0.18 0.19
P NS NS NS NS NS NS NS
Height r 0.16 0.21 0.22 0.20 0.23 0.22 0.23
P NS NS 0.04 NS 0.04 0.04 0.03
Weight r 0.70 0.40 0.47 0.71 0.62 0.60 0.63
P In all cases P < 0.0001.
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Figure 4.6 The correlation of lower-right leg and its different ROls (R1- R4),
lower-left leg and both legs with age (35 normals). For all P > 0.1.
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4.3.7 Correlation of BMD of the various ROIs of the lower leg with the spine BMD
Figure 4.7 illustrates the relationship between BMD of the various regions of the lower-
right leg selected from the whole body images, and the lumbar spine BMD for the 35
normal females. The relationships for the lower-right leg and both lower legs with the
lumbar spine are also shown. The relations varied from an r value of 0.40 (P = 0.02) to
an r value of 0.68 (P = 0.0001), with the lowest for the compact ROIs (i.e. R2 and R3)
and the highest for the distal lower-right leg. The lower legs were highly correlated (r
= 0.88, P < 0.0002), having an intercept = 0.089, a slope of= 0.91 and a SD = 0.061
gem"2. The correlations of the lower right/left leg or both lower legs BMD with lumbar
spine BMD was moderate (r = 0.58, P < 0.0002).
4.3.8 Correlation between T-score at different sites of the body and regions of the
legs
Figure 4.6 showed that there was no significant correlation between any region of the
lower leg and age. It was, therefore, possible to derive the T-scores for the various
regions of the lower leg using the normal group. Table 4.4 compares the linear
correlation coefficients (r) between BMD T-score at different sites of the body in
patients with osteopenia/osteoporosis. The Table also compares the correlation between
the different ROIs of the right-leg as well as the right and left leg. The Table reveals that
the proximal leg (Rl) highly correlates with the spine and femur neck. The correlation
of the Rl with the spine was stronger than the correlation between the spine and femur
neck. Excellent correlation (r = 0.92, P < 0.0001) was found between the Rl and total
femur, i.e. as good as the correlations between the femur neck and total femur or
proximal (Rl) or distal (R2) leg. Moderate correlation was found between the cortical
region of interest of the leg (R3) and the spine, but better with the total femur. A
correlation coefficient of r = 1 was observed between the right and left leg. This very
high correlation was double checked with another statistical package.
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Figure 4.7 The correlation of lower-right leg and its different ROIs (R1 - R4)
and lower-left leg with total lumbar spine (35 normals).
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Table 4.4 Coefficient of correlation between BMD T-score at different sites of the body
and regions of the legs in 37 patients with osteopenia/osteoporosis.
FN TF Rl R2 R3 R4 RL LL
Spine 0.77 0.83 0.81 0.67 0.66 0.72 0.75 0.75
FN 0.91 0.79 0.72 0.71 0.73 0.77 0.77
TF 0.92 0.79 0.78 0.85 0.87 0.87
Rl 0.85 0.84 0.92 0.94 0.94
R2 0.94 0.88 0.96 0.96
R3 0.92 0.96 0.96
R4 0.96 0.96
RL 1
FN: Femur neck, TF: Total femur, R1 - R4 show the different ROIs of the Right leg
RL: Right leg and LL: Left leg. All p < 0.0001.
4.3.9 Comparison between the osteopenic/osteoporotic patients and normal
subjects for the various sites of the body
Figure 4.8 compares the BMD T-score for the spine, femur, different ROIs of both the
right and left legs for the female subjects who had been referred for the femur, spine and
total body bone quality assessment. The Figure shows that the BMD T-score for the
proximal (Rl) and distal (R4) leg separate the osteopenic/osteoporotic patients from the
normals as well as the neck of the femur and total femur. ANOVA also revealed that the
means ofthe T-score for the neck of femur, total femur, proximal and distal leg were not
significantly different (F = 0.098, p = 0.961). The student t-test also revealed that there
was no significant difference between the means of the right/left leg T-score (t = 0.475,
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Figure 4.8 shows the BMD T-score of each of the referred subjects with a number. As
an example subject number 37 had a spine BMD T-score of+1 with the T-score values
of 0 for the total femur, R1 and R4; or subject number 1 had the lowest T-score of-5 for
the spine, having T-score values of -3 for the total femur, R1 and R4. The Figure shows
that the least differences between the young normal subjects and the
osteopenic/osteoporotic patients were observed in the cortical region of interest of the
leg (R3) and the total body normalised for weight and age. The full details of the whole
body normalisation are discussed in chapter 5.
4.4 Discussion and conclusions
The present study of bone densitometry at different sections of the lower legs provides
valuable information on bone quality assessment of the spine, femur neck and in
particular, total femur. The measurements were precise for all the different sections of
the leg containing different proportions of trabecular and cortical bone. Linear
measurements for BMC and BMD using the various acquisition protocols of Forearm,
Spine and Whole Body were obtained. However, the Whole Body acquisition protocol
showed closer change in BMC and BMD than the other methods for a change in
aluminium (simulating the bone) thickness. No method showed any significant change
in the measured BMD with a realistic soft tissue thickness variation. The effect of
rotation of the legs on BMD due to changes in the projected area of the various regions
of the leg showed the least change in the proximal leg BMD. There were no good
agreements between the various protocols for the lower leg bone mineral measurements,
because of obtaining slopes of less than unity and non-zero intercepts. However,
significant correlations between the Forearm/Whole Body and Spine/Whole Body
acquisition methods for the lower leg bone mineral measurements were obtained. The
Spine acquisition protocol showed closer slopes to 1 for BMC and BMD measurements.
The regression equations for BMC and BMD measurements using the Spine method
also had considerably lower intercepts compared to the Forearm protocol.
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Attempts were made to scan the tibia by the Forearm acquisition protocol. Five healthy
subjects of both genders participated. However, most of the subjects felt uncomfortable,
since they had to hold their legs turned towards one side for approximately 15 minutes
while the scanning was in progress. Therefore, it was found impractical to scan patients,
in particular the elderly using the Forearm protocol. Therefore, approaches were made
to make use of the whole body images and appropriate RIOs of the lower legs were
defined and assessed.
Despite a higher bone image quality of the Forearm protocol (Figure 4. la) as compared
to the Whole Body protocol (Figure 4.1b), it was not possible to scan the tibia/fibula
separately or the entire length of the lower leg. Now that an appropriate region of the
lower leg for the assessment ofbone quality of the femur and spine has been established,
it is worth pursuing the study using a fan beam DXA scanner and scan the proximal
lower leg laterally. Scanning the proximal lower leg laterally with an image quality
similar to the Forearm images might improve the precision even further. The
improvement in the precision might be achieved with a much smaller line spacing
between the scan path and smaller pixel size. It is, therefore, useful that the DXA
manufacturers develop a protocol that measures the lower leg laterally.
Table 4.5a compares BMD and the precision of the various ROIs of the lower leg/ tibia
with other studies. Our findings of proximal tibia/fibula BMD were similar to those
reported by Sievanen et al. (1992). The bone mineral values of the proximal tibia reported
by Checovich et al. (1989) were considerably lower. Those were probably due to different
scanning apparatus (DPA) or different populations studied (44 women aged 23 -87 years).
Casez et al. (1995) measured BMC and BMD using DXA at lumbar spine and tibial
diaphysis in 151 military men, 30 of the subjects were signalmen whose BMD is shown
in Table 4.5a. That is why they had considerably higher tibia diaphysis BMD and a very
low SD, which is due to a narrow variance in physical variables.
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Table 4.5a Comparison ofBMD and CV of the various ROIs of the lower leg/tibia with
other studies.
Skeletal site BMD (g/cm2) Technique Publisher











DXA (Hologic QDR 1000/W)
DXA (NorlandXR-26), Sievanen





0.969-1.64 2.4 DXA (Hologic QDR 1000/W)
DXA (Hologic QDR 1000) . Casez
Distal lower leg 1.12(0.12) 0.786-1.39 1.9 DXA (Hologic QDR 1000/W)
The figures in italics are other publishers' findings.
Table 4.5b compares the correlation coefficients obtained in this study and other studies
between the BMD of the proximal, diaphysis and distal lower leg/tibia and spine with
anthropometric parameters. No significant correlation was found for BMD's of the spine
and the proximal part and the diaphysis of the lower leg/tibia with age. No significant
correlation between the above parameters with age was found due to a limited age range
of 23 -52 years (i.e. before the onset ofmenopause). However, a weak but significant
correlation with age was found for the distal lower leg. No significant correlation between
proximal tibia/fibula and height was calculated, while using DPA Checovich et al. (1989)
found amoderate positive correlation. However, weak, but significant correlation between
the diaphysis tibia/fibula and height was observed (r = 0.22 cf. r = 0.28 Casez et al.,
1995). A correlation of r = 0.70, P < 0.0001 was found for proximal tibia/fibula BMD
with weight, while, Checovich et al. (1989), reported a correlation of r = 0.25, P < 0.05.
The correlation between the diaphysis lower leg/tibia with weight found in this study was
consistent with Casez et al. (1995) report. They also reported a weak correlation between
the lumbar spine and weight. In contrast, a high correlation between those parameters was
obtained in the present study.
150
Table 4.5b Comparison of correlations (r) between different ROIs of tibia/fibula BMD,
lumbar spine BMD and anthropometric parameters obtained by different studies.
Variable Publisher Proximal tibia diaphysis tibia distal tibia spine
Age NS NS 0.24* NS
Checovich -0.700*"
Height NS 0.22* NS 0.30**
Checovich +0.48**
Casez 0.28* 0.14 NS
Weight 0.70*** 0.47*** 0.71*** 0.71***
Checovich +0.25*
Casez 0.43*** 0.34***
The figures in italics are other authors findings.
NS = not significant *: p < 0.05 **: ps 0.001 ***: p s 0.0005.
Checovich et al. (1989) found correlations of 0.70 and 0.73 between the tibial BMD and
lumbar spine and the femur neck, respectively. In this study correlation coefficients of
0.63 and 0.81 between the proximal tibia/fibula and spine for the normals and patients
with osteopenia/osteoporosis, respectively, were found. A correlation coefficient of 0.79
between the proximal tibia/fibula and femur neck for the patients with
osteopenia/osteoporosis was found in the present study.
In this study, excellent correlation (r = 0.92, p < 0.0001) was found between the proximal
lower leg T-score and the total femur T-score. This correlation was as strong as the
correlation between the femur neck/total femur and the proximal/distal lower leg BMD
T-score. The correlation of the proximal lower leg T-score with the spine or femur neck
was very high and as close as the correlation between the spine and femur neck. The
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diaphysis lower leg, which is predominantly cortical bone, showed a moderate correlation
with the spine, but a good correlation with the femur neck and a very good correlation
with the total femur. Correlation of the total lower legs with the spine and femoral neck
was similar and consistent with Nordin et al. (1996) report. The correlation between the
dominant and non-dominant legs was 1, and they also showed similar difference between
the normals and patients.
The difference between the normals and osteopenic/osteoporotic patients was more
significant at the spine. However, the bone loss at the proximal/distal lower leg was as
significant as the bone loss at the femur neck/total femur. The least difference between
the two groups was observed at the predominantly cortical section of the lower leg and
the total body normalised for age and weight.
In conclusion, in order to assess the risk of fracture due to reduced bone mass accurately,
it is necessary to ideally measure the actual site of interest. However, bone quality
assessment of the proximal regions of the legs by DXA, which showed the closest
correlation with the spine, total femur and femur neck as well as showing the least change
in BMD due to the rotation of leg, might be a useful measurement. DXA of the lower legs
might be useful where measurement of lumbar spine or femur is not possible. Further




DXA Assessment of Total Body Bone Mineral
5.1 Introduction
The high precision ofDXA measurements combined with the stability of calibration of
the instrumentation make DXA an ideally sensitive technique for studying the outcome
of new therapeutic regimes to protect the skeleton (Blake et al., 1991). Until recently,
most clinical DXA studies have been limited to antero-posterior projection scans of the
lumbar spine and studies of the femur. However, recent developments in DXA scanning
now provide additional sites that will enable more complete data to be obtained
(Uebelhart et al., 1990; Slosman et al., 1990 and Ryan et al., 1992). Herd et al. (1993)
described DXA scanning of the total skeleton and its regional parts which offers a
comprehensive view of bone content in the whole skeleton.
There is a growing interest in studying bone in all regions of the body, since the various
therapeutic regimes available may affect parts of the skeleton differently. Sodium
fluoride therapy has been shown to increase BMD in the spine but has little effect on the
peripheral skeleton (Hodsman and Drost, 1989 and Pouilles et al., 1991). There is
evidence that bisphophonates may behave similarly (Fromm et al., 1991 and Miller et
al., 1991). In contrast, oestrogen-based therapies can preserve both trabecular and
cortical bone (Gallagher et al., 1991). There is also substantial interest in looking at
tissue changes induced by growth hormones (Hansen et al., 1995; Beshyah et al., 1995a
and Beshyah et al., 1995b). Therefore, DXA assessment of the total body may offer
valuable information on bone quality of the total body as well as the appendicular and
axial sites.
One of the first applications of total body DXA was to evaluate bone and tissue
compositions in large samples ofnormal adults, something that could not be done easily
and reliably with older composition methods (Wellens et al., 1994 and Gasperino et al.,
1995). Moreover, DXA can be used readily in both young children and the elderly
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(Baumgartner et al., 1995; Ogle et al., 1995 and Gutin et al., 1996). This makes it
possible to monitor the effects of dietary restrictions and/or exercise on regional and
total body composition (Svendsen et al., 1995a). An obvious use of composition
methods has been to assess changes occurring after weight loss; gross changes can be
monitored with a balance, but DXA allows the clinicians to assess changes in bone and
lean tissue (Svendsen et al., 1995b).
There is particular interest in the pattern of growth of the skeleton, so there have been
a number of investigations of whole body bone mineral in infants, children and
adolescents (Bachrach, 1990; Venkataraman and Ahluwalia, 1992; Rice 1993).
Venkataraman and Ahluwalia (1992) measured new born infants and found that the
values for bone mineral agreed with the values reported by chemical analysis of
cadavers. Bachrach et al. (1990) measured young patients with anorexia nervosa and
found that whole body bone mineral was more sensitive than mid-radius BMD as a
measure of cortical bone loss.
DXA has become widely accepted for the measurement of body composition because
of: (a) its ease of use, (b) its high precision, (c) the ability to measure bone mass as well
as lean and soft tissue and (d) the ability to use regional as well as total composition.
However, the technique has some limitations (Hannan et al., 1993; Hannan et al., 1995;
Tothill et al., 1994 and Tothill et al., 1997). For measurements of the lumbar spine the
simple assumption that the thickness of fat over the vertebrae is the same as that in the
adjacent soft tissue background is usually made. However, it has been demonstrated that
the non-uniform distribution of adipose tissue in the abdomen leads to small, but
variable and unpredictable errors in the determination of BMD in the lumbar spine
(Tothill and Pye, 1992). For whole body scanning more complex assumptions are
necessary. The DXA measurements allow the determination ofthe proportions of fat and
lean soft tissue in non-bone areas. These assessments are used to extrapolate or
interpolate over bone. These assumptions cannot be valid for all subjects. Therefore,
absolute accurate bone mineral measurement is not possible.
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In summary, total body bone mineral measurement for the examination of skeletal
integrity is essential for the following reasons:
1. The need to study the outcome of new therapeutic regimes to preserve the
skeleton.
2. The need to investigate how various therapeutic regimes may affect different
parts of the skeleton.
3. The need to monitor the effects ofexercise and/or dietary restrictions on regional
and total body bone mineral.
4. The need to monitor the pattern of growth of the skeleton in children.
There is usually a need to normalise bone mineral measurements for the size of the
subject. It has become customary to divide the measured bone mass by the area, which
is determined from the number of bone-containing pixels, to give an areal bone mineral
density. This is convenient and works reasonably well for spine and femur
measurements, although the normalisation does not fully allow for size. There is also
substantial information for spine and femur BMDs in normal subjects, providing
reference ranges for a given population. Results from patients can, therefore, be
expressed in relation to age-matched normal (Z-score) or young normal (T-score).
In an eating disorder study carried out over a period of one year, Tothill et al. (1997),
however, measured total body bone mineral values, using a Hologic QDR 1000W in a
group of subjects and observed anomalies that called into question the accuracy of such
measurements. A change in total body bone mineral content (TBBMC) was related to
a change in weight, but a loss of weight appeared to be correlated with an increase in
total body bone mineral density (TBBMD). There is also some controversy that bone
mineral density is not appropriate for use in total body measurements, because there are
over-lapping bones and orientation effects. Moreover, normalising by bone area is not
complete due to variations of bone mineral density with size, such as shoulder width or
weight.
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Therefore, the objective of this study was to overcome the anomaly observed in
TBBMD measurements and to assess the limitations of the method. In order to find an
explanation for the reported artifact in the subjects whose weight changed, the following
experiments were conducted. Firstly, the in-vitro measurements were made to
investigate the effect of soft tissue on the part body and total body bone mineral
measurements. For this investigation a whole body phantom representing different
TBBMDs and variable lean and fat content was used. In order to explore and to find the
reason(s) for the observed artifact, a whole body sub-region analysis was used to detect
the bone threshold for each region, and the effect of soft tissue variations on regional
parts and as a whole, using the whole body phantom. Secondly, the in-vivo effect of
weight change, using a group of subjects with different genders and a wide range of
BMD was assessed. Thirdly, the effect of rotation of the legs on total body bone mineral
measurements was also investigated. In order to normalise TBBMC for body size, and
therefore to overcome the observed anomaly, predictive equations based on body
habitus were derived. Two female groups of anorexic patients and normal subjects were
compared for the whole body and spinal body bone mineral, using total body indices
(TBIs) and spine BMD , respectively. TBIs were calculated using predictive equations
based on stature. Precision in bone mineral measurement is important for
characterisation of a technique's ability to detect the long term skeletal changes.
Therefore, the precisions ofTBBMC/TBBMD and TBI were assessed.
5.2 Methods and materials
In an eating disorder study carried out over a period of one year by Tothill et al. (1997),
an anomaly was reported. Figure 5.1 shows the observed anomaly; where, despite a
positive correlation between TBBMC and weight, a negative correlation between
TBBMD and weight was found. The Figure shows that a +10% change in weight was
associated with a +2.5% change in TBBMC and a -1% change in TBBMD. Therefore,
to find the reason(s) and possibly overcome the artefact, in-vitro and in-vivo studies
were conducted.
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% change in weight
% change in weight
Figure 5.1 Plots of changes in (a) total body BMC and (b) BMD
against change in weight (Tothill et al. 1997).
5.2.1 In-vitro measurements
5.2.1.1 Whole body phantom
A whole body phantom was used to perform various experiments. The phantom was
constructed from aluminium sheets (simulating different bones) and hardboard sheet
(simulating soft tissue). The hardboard sheets consisted largely of cellulose, which is
reasonably equivalent to soft tissue in its x-ray attenuation characteristics. The fat
content equivalent of the hardboard based on DXA measurement was 40% and its
density close to 1 g/cm3. The hardboard sheet thickness was 3 mm. The hardboard sheets
had rectangular shapes with different widths and stacked to form circular cylinders
corresponding to the neck, arms and legs, and nearly elliptical cylinders were used for
the head, chest and pelvis. The dimensions of the cylinder approximated those of a
standard man. Antero-posterior thickness ranged from 10 to 20 cm. The weight and the
height of the phantom was 70 kg and 1.72 m, respectively. The full skeleton had area,
BMC and BMD of each component similar to those found in-vivo.
The number of aluminium sheets could be varied to simulate a change in bone density.
The aluminium sheet thickness was 1.7 mm. The aluminium width in the arms was 25
mm and in the legs and spine 45 mm. To perform various experiments the phantom was
set-up in different configurations to simulate normal or low skeleton bone densities. The
normal bone density (1.14 g/cm2) phantom consisted of 10 aluminium sheets for the
head, 5 for the pelvis, 4 for the legs, thoracic spine, lumbar spine and the arms, and 2 for
the ribs. For the low bone density (0.988 g/cm2) phantom the number of aluminium
sheets in the head and ribs was kept constant and 1 aluminium sheet was removed from
the pelvis, legs, thoracic vertebrae, lumbar vertebrae and arms. Figure 5.2a shows an
example of a whole body DXA image. The Figure shows bone mineral values of the
various sites of the normal density phantom and compares it with the values obtained
by the sub-region analysis values.
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Figure 5.2 Comparison of (a) whole body bone mineral results with (b) whole body
sub-region analysis.
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5.2.1.2 Auto-scan and sub-regional body composition analysis
The scanner has an auto-scan facility that allows repeat measurements without the
intervention of the operator. The auto-scan facility was used to take repeat
measurements.
In the analysis of whole body scans the operator, guided by the computer protocol,
divides the body into regions including head, upper and lower trunk, arms and legs.
However, the scanner also has a sub-regional body composition analysis facility that
allows the measurement of the regional body composition. The final image appears
expanded horizontally with a small square in the centre. The shape of the box can be
adjusted and a maximum of seven boxes can be created (Figure 5.2b). This sub-regional
body composition analysis allows assessment of the effect of therapy/weight change on
the part/total body bone mineral measurements.
5.2.1.3 Bone threshold and position dependency
In order to find a possible explanation for the reported artifact, the density of the various
body parts of the phantom was reduced to find the bone detection threshold for a
particular site. The measured areas were compared with the true areas, and it was ,
therefore, possible to identify the site(s) which were not completely detected. Bone
threshold position dependency was also investigated, by comparing the measured bone
density for particular thicknesses of aluminium positioned in different regions of the
body.
5.2.1.4 Effects of changes in weight and soft tissue composition
The effect of soft tissue thickness and composition was investigated, using the whole
body phantom with different bone densities of normal and low for the following
procedures:
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A. Placing lard over the whole body phantom.
B. Reducing the antero-posterior thickness by 30% (18.4 kg).
C. Replacing the same thickness of the hardboard with lard.
Experiment A was undertaken by placing lard (simulating fat) over the whole body
phantom in amounts of 4, 8 and 16 kg. These amounts of lard were equal to 6%, 11%
and 23% of the phantom's weight, which were similar to the weight gain range observed
in the subjects whose weight changed. 3 kg of the 4 kg lard was placed on the trunk and
1 kg on the thighs; 5 kg of the 8 kg lard was placed on the trunk, 2 kg on the thighs and
1 kg on the upper arms. When 16 kg of lard was used, 11 kg of the lard was placed over
the trunk and 5 kg over the thighs.
Experiment B was performed by reducing the antero-posterior thickness by 30% in
decrements of 15%, keeping the head contents constant.
Experiment C was performed because of the difference in the fat content of the
hardboard and the lard. In order to detect if there were similar patterns with the soft
tissue thickness variations on the part body/total body bone mineral measurements, the
above investigations were undertaken with the use of the phantom with the normal and
low skeleton bone densities. For this purpose 8 kg of lard with a thickness of 6 cm was
used to replace the same thickness of hardboard over the trunk. The difference in the
skeleton bone thickness/density or over-lying soft tissue might have a possible beam
hardening effect.
A total body phantom scan took 16 minutes and an assembly time of approximately 45
minutes if a change of phantom thickness was required. The mean of 3 measurements




5.2.2.1 In-vivo effect ofweight change
It was possible that the anomaly reported by Tothill et al. (1997) was caused by an
artifact in the DXA analysis related to the differences in subjects thickness or fat
content. To examine this possibility lard was used to simulate changes in weight and fat
content.
In order to investigate the in-vivo effect of soft tissue thickness or weight change on
bone mineral measurements, a group of subjects were measured. The group consisted
of 6 volunteers including 2 females, one of which was a teenager with a low TBBMD.
The subjects had a wide range ofBMI (18 - 30 kg/m2) and TBBMD (0.90 - 1.2 g/cm2).
In order to simulate a weight change each subject had two measurements, with and
without the distribution of lard over the body.
Over 95% of the subjects in the above report had a weight change of less than 25%.
Therefore, 12 to 20 kg of lard, equivalent to 22% to 25% of the subject's weight was
distributed anteriorly over the trunk and thighs. 1/3 of the lard was placed equally over
the thighs and 2/3 over the trunk. A single scan took approximately 15 minutes. Figure
5.3 shows an example of a total body bone density image of a subject. Bone mineral
values for the various regions of the body are also shown. The sex matched T- and Z-
scores are also calculated.
5.2.2.2 The effect of rotation of the legs
The same method and material described in section 4.2.4 of chapter 4 were used and the
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Figure 5.3 (a) Total body DXA scan of an anorexic patient showing the bone
mineral values for the various regions and the total body, (b) Plot ofTBBMD
as a function of age.
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5.2.2.3 Subjects
This study consisted of 39 normal female subjects and 34 age-matched female patients
with anorexia. The normal subjects were those who had no history of any disease or
being on any drug that might affect the bone metabolism. The subjects had their total
body and spine measured. Table 5.1 shows the details of the anorexic patients and
normal subjects.
Table 5.1 Details of the female anorexic patients and normal subjects.
Patients (n = 34) Normals (n = 39)
Age (years) 30.4 ± 8.2 (20.0-47.8) 34.7 ± 9.1 (23.0-52.4)
Height (cm) 161.6 ± 5.8 (150.0-177.5) 163.5 ± 7.0 (150.0-181.5)
Weight (kg) 40.4 ±5.1 (27.8-53.8) 68.6 ± 15.3(44.9-112.6)
BMI (kg/m2) 15.5 ± 1.8 (11.5-20.3) 25.6 ± 5.1 (18.5-39.2)
Shoulder width (cm) 35.0 ± 1.4 (33.0-38.5) 37.5 ± 2.1 (33.5-43.0)
Antero-posterior 15.3 ± 1.3 (13.0-19.0) 18.5 ± 2.1 (14.0-22.0)
thickness (cm)
Results are expressed as mean ± SD (range).
BMI, body mass index, calculated as weight/height2.
Height was measured using a wall stadiometer (precision 5 mm) with the patient
standing upright and without shoes. Weight was measured on digital scales with a
precision of 0.1 kg. Subjects wore a light gown. The antero-posterior thickness was
measured using callipers and was taken as the maximum thickness along the full length
of the sternum. Enhanced whole body software version 5.51 and spine software version
4.47P were used for the analysis.
5.2.3 Statistical methods
Paired t-tests were performed to find the significance of the differences between bone
mineral values obtained for body parts/whole body with and without the use of lard for
in-vitro and in-vivo measurements. In order to reduce the biological variance in bone
mineral measurements, DXA manufacturers supply the normal data as BMD for the
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various sites of the body for different age and sex groups. However, in normal subjects
TBBMD is still correlated with weight and body size. Therefore, alternative means of
normalising TBBMC for body stature were investigated. Prediction equations for
TBBMC in normal subjects were derived using body habitus as independent variables
in multiple stepwise regressions. Weight was included as an independent variable but
for patients with eating disorder this was not appropriate and alternative prediction
equations which did not include weight were derived. Variables were only included in
the prediction equations if they resulted in a significant reduction in the standard error
of prediction. Total body bone indexes (TBI) were calculated as the ratio of the
measured TBBMC to the predicted one. The CoV ofTBI was compared with the CoVs
ofTBBMC, TBBMD and spine BMD.
Linear regression analysis was used to assess the effect of age on bone mineral values.
Unpaired t-tests were performed to assess the differences in the T-scores between the
patients with anorexia and the normal subjects for the TBI and spine BMD. The T-score
is calculated as the difference between the patient's value (P) and the mean value (MY)
for young sex-matched normals, divided by the standard deviation (SDY) of the mean
value for young normals as:
T-score = (P-MY)/SDY
The precisions ofTBBMC, TBBMD and TBI were assessed as the mean coefficient of
variation (CV) of duplicate measurements on 11 normal subjects. The measurements
were carried out within a few days on each subject.
5.3 Results
5.3.1 The in-vitro effects of changes in soft tissue thickness and composition
Table 5.2 shows the effect of distribution of lard over the trunk and thighs on total/part
body bone mineral measurements, using the phantom. The Table also reveals the effect
of the removal of soft tissue or replacement of lard with the same thickness of soft tissue
on bone mineral measurements.
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When 15% of soft tissue thickness was removed, there were no significant changes on
the part-body bone areas except the trunk and therefore the total. No significant change
was observed for BMC of any region, but since there was a significant increase in total
body bone area and no significant change in TBBMC, a significant reduction in
TBBMD was found. The head BMD was unchanged.
When lard was placed on the trunk and thighs in any amount (4 to 16 kg), significant
changes in trunk area (except for 4 kg) and BMC were observed. However, no
significant change in BMD was found because the changes in area and BMC were in
proportion. For legs, all measured bone mineral parameters were significantly altered.
For the head there were significant reductions in area and BMC when 4 kg of lard was
used, but a significant increase in BMD was found. When 8 kg or 16 kg of lard was
added, no changes in BMCs or BMDs were found.
The Table shows that there were no variations in the bone mineral parameters of the
arms when 4 kg of lard was used on the trunk and thighs, but when 8 kg of lard was
used (1 kg on the arms) significant changes in area, BMC and BMD were found. When
16 kg of lard was distributed on the trunk and thighs, significant increases in BMC and
BMD of the arms were found.
For total body area, TBBMC and TBBMD significant changes were observed when any
amount of lard was added, except for total body area when 4 kg of lard was used. Figure
5.4 illustrates the changes in total and part-body bone mineral measurements with the
soft tissue alterations.
To determine if there were any changes in bone mineral measurements due to the
replacement of lard with the same thickness of the hardboard, 8 kg of lard was replaced
with the same thickness of hardboard, using the normal bone density phantom.
Significant changes for BMD and bone area were found, respectively.
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Figure 5.4 The in-vitro effect of the distribution of lard on part body and total
body bone mineral measurements.
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Figure 5.5 illustrates the effect of soft tissue (hardboard) thickness on bone mineral
measurements, with the two different phantoms' BMDs of normal (1.14 g/cm2) and low
(0.988 g/cm2). The error bars represent ± SDs. The Figure shows the bone area for
normal phantom BMD increased significantly (t = 4.2, P = 0.001) as the soft tissue
thickness decreased by 15%. There was no change in BMD with a further 15% reduction
in soft tissue thickness. The low BMD phantom showed the same trend. BMC did not
change significantly (t = -1.3, P = 0.2) for the normal BMD phantom when the soft
tissue thickness decreased by 15%. Even when the soft tissue thickness was removed
by a further 15% no variation in BMC was observed. The low BMD phantom showed
a similar pattern with the soft tissue thickness alterations. BMD changed significantly
(t = -8.4, P = 0.001) for the first 15% reduction in soft tissue thickness. The low BMD
phantom followed the same trend as the normal BMD phantom for the first 15%
reduction in the soft tissue thickness and the BMD was kept constant for a further 15%
of soft tissue thickness removal.
5.3.2 Part-body bone threshold and position dependency
Variations in the bone mineral measurements with the thickness of aluminium in the
skeleton and the bone threshold for each region of the body are illustrated in Figure 5.6.
The Figure shows a plot of BMD against aluminium sheet thickness for the various
regions of the whole body phantom.
It can be seen that for some regions like the ribs and thoracic vertebrae some bones have
been detected, though there was no aluminium. When one aluminium sheet was placed
in the position of the legs, pelvis and lumbar vertebrae, no bone was recognised. When
the same number of aluminium sheets were placed in different regions, different sites
showed different BMDs, i.e. they were position dependant. A true phantom bone area





























































Soft Tissue Thickness (% of the whole thickness)
Figure 5.5 The in-vitro effect of soft tissue thickness variation on whole
body bone mineral measurements. Solid and open symbols denote the
normal and low bone density phantom, respectively. Error bars (using
SDs of the data) are added.
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However, there was a significant under-estimation of the area (Figure 5.2), which was
largely due to an under-estimation of the pelvis area (true value = 500 cm2). The bone
detection thresholds for those sites were higher and, therefore, they were not fully
estimated.
5.3.3 The effect of the rotation of the legs
Figure 5.7 illustrates the effect of the rotation of the legs on total body area, TBBMC
and TBBMD for 3 subjects. As can be seen, there were significant changes of up to
approximately 4% in the measured TBBMC and TBBMD for two of the subjects.
5.3.4 Normalisation of total body bone mineral measurements
The DXA manufacturers supply normal data and express the subject's BMD in terms of
a Z and T-score. However, TBBMD is a function of weight and stature (Table 5.3).
Therefore, normalisation of total body bone mineral content by size was performed.
Table 5.3 Correlation (r) ofTBBMD with weight and stature for the normal subjects (n
= 39).
Weight Area Height SW APt
r *0.53 *0.54 0.20 NS *0.42 *0.49
Area = total body bone area, SW = shoulder width and APt = anterior-posterior thickness.
NS = not significant *P < 0.01
Figure 5.8 shows plots of TBBMC and TBBMD as functions of age for the normal
females with the following linear regression equations.
TBBMC = 2386 + 0.460 x Age, R = 0.01, P = 0.9, SD = 336 and N = 39
TBBMD = 1.138 - 0.00051 x Age, R = -0.06, P = 0.72, SD = 0.0765 andN = 39
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Figure 5.7 The effect of extreme rotation (26 ± 9 degrees) of the legs




(a) Y = 2386 + 0.460 * X
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Figure 5.8 The variation of TBBMC (a) and TBBMD (b) with age in the normal
subjects (n = 39). The least square fits and the 95% confidence intervals are
shown.
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Coefficients of variation (at 35 years age) of 14.0% and 6.8% for TBBMC and TBBMD
were found, respectively. Table 5.4 shows the prediction equations for TBBMC based
on various body habitus parameters. The variables are listed in the order in which they
contribute to the prediction equation. In each case a significant reduction in the error of
prediction was obtained by including body habitus parameters in the prediction
equation. Indeed, the age was not selected as one of the important variables and hence
it was not included in the stepwise regression analysis except in part III. Table 5.4
shows that TBBMC is best predicted from the weight and height of the subjects.
However, for the prediction of TBBMC for weight changing subjects, weight was not
used as a variable (II). Therefore, for eating disorder patients (anorexia nervosa, bulimia
nervosa) height and shoulder width provided an alternative predictive equation. For the
prediction of TBBMC for patients with established osteoporosis, height was not used
as a variable because height might be altered due to spinal compression (or presence of
one or more vertebral fractures) (III). For these patients an alternative prediction
equation based on weight and age was derived.
Table 5.4 The prediction of TBBMC in women from body size. Variables are listed in
the order in which they contribute to the predictive equation.
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A = age (years), W = weight (kg), H = height (cm), S = shoulder width (cm), SE = standard error of
prediction (g) and r = multiple correlation.
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Figure 5.9a shows a plot of the total body index (TBI) defined as TBI = measured
TBBMC/predicted TBBMC (from weight) as a function of age (Table 5.41.). It was not
appropriate to use the height as a variable for the prediction of TBBMC for patients
suffering from severe osteoporosis. Therefore, TBI was not plotted as a function of age
when TBBMC was predicted from the weight and height. A COV (at age 35 years) of
7.3% was calculated. Figure 5.9b illustrates a plot of TBI as a function of age when
TBBMC was predicted from shoulder width and height, calculating a CoV35= 8.5%.
Linear regression analysis confirmed that TBI (predicted from stature) was no longer
correlated (P ;> 0.2) with the shoulder width or height.
Figure 5.10a shows the regression of TBI on age for the normal subjects, where the
predicted TBBMC was derived from the height and shoulder width. The anorexic
patients' values for comparison with the normal subjects are shown on the same graph.
Figure 5.10b shows the normals and patients spine BMD as a function of age, for visual
comparison. However, to find the significance of bone loss in the anorexic patients, the
T-scores were calculated and un-paired t-test was performed.
The results ofTBBM in the anorexic and normal females are tabulated in Table 5.5. The
difference between the two groups for TBI was higher than TBBMD and as high as the
spine BMD.
5.3.5 Precisions of TBBMC, TBBMD and TBI
The precisions ofTBBMC/TBBMD and TBI are tabulated in Table 5.6. As can be seen,
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Figure 5.9 The variation of TBI with age in the normal subjects (n = 39).
Weight was used as the only variable (a), shoulder width and height were
used as variables (b) to calculate the predictive equations based on stature.
The least square fits and the 95% confidence intervals are also shown.
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Figure 5.10 The variation of TBI (a) and spine BMD (b) with age for the
anorexic patients (n = 34). TBBMC was predicted from the shoulder width
and height. The least square fits and the 95% confidence intervals for the
normals are also shown.
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Table 5.6 The in-vivo precision ofTBBMC, TBBMD and TBI (n =11).
TBBMC TBBMD TBI
CV (%) 1.12 1.26 1.33
5.3.6 The in-vivo effect of soft tissue thickness variation
Table 5.7 shows the paired t-test results for the in-vivo effect of lard on the total and
part body bone mineral measurements. The Table shows that distribution of lard on
the volunteers' trunks and thighs has no significant effect on any body part/total body
bone mineral measurements.
Table 5.7 Paired t-test results on the in-vivo effect of lard on part/total body bone





Area, cm2 235.3 235.4 0.08 0.94NS
Head BMC, g 449.0 450.1 0.38 0.72NS
BMD, gem-2 1.908 1.912 0.06 0.96NS
Area 431.5 432.4 0.17 0.87NS
Arms BMC 333.1 341.6 1.45 0.21NS
BMD 0.7673 0.7900 2.01 0.10NS
Area 660.8 707.2 2.59 0.05NS
Trunk BMC 574.1 605.7 2.28 0.07NS
BMD 0.8688 0.8565 -1.70 0.19NS
Area 745.3 749.7 0.48 0.65NS
Legs BMC 954.8 958.2 0.30 0.78NS
BMD 1.285 1.281 -0.32 0.76NS
Area 2073 2125 2.31 0.07NS
Total BMC 2311 2356 1.79 0.13NS
BMD 1.115 1.109 -2.60 0.05NS
S = significant NS = non-significant. 12 to 20 kg of fat (lard) equal to 22% - 25% of the subject's
weight was placed over the trunk. 2/3 of the fat was distributed over the trunk and 1/3 over the thighs
equally.
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5.4 Discussion and conclusions
Measurement of bone mass at multiple sites in the skeleton allows a more general
evaluation of skeletal integrity. Although many cross sectional studies have been
published previously, most have measured selected local sites either in the peripheral
skeleton or in the axial skeleton, or both. It is becoming increasingly clear that
different skeletal regions, even those that have similar quantities of cancellous or
cortical bone, may respond differently to age, estrogen deficiency, or other stimuli
(Silverberg et al., 1989 and Riggs et ah, 1990).
However, with the current DXA scanners, Tothill et al. (1997) found anomalies in the
measurement of changes in whole body BMD using a Hologic QDR 1000W. They
observed an apparent increase of BMD with decreased weight, while BMC
decreased. This was certainly unexpected and was caused by an apparent decrease of
area, although anatomical, physiological and radiological evidence suggest that the
true projected area does not vary with changes of weight in adult women.
When the phantom was used in order to investigate the effect of soft tissue
alterations, and 15% of the soft tissue thickness was removed, only the trunk bone
area was increased significantly (P = 0.02) and, therefore, the total bone area (P =
0.01). BMC of no region and , therefore, the total did not change significantly, and
because there was an increase in total body bone area, TBBMD reduced significantly
(P = 0.001). For phantom measurements the areas increased with a decrease in soft
tissue thickness, only for the first 15% thickness reduction in the hardboard. When
different amounts of lard were distributed on the trunk and thighs, although
significant variations in the measured trunk area and BMC were found, no significant
change in BMD measurement was found. However, significant changes in the
measured legs bone mineral values (ofup to 4%, P = 1 x 10"6) were found. The other
body sites, such as the head and arms, showed significant variations in one or more
measured bone mineral parameters, when lard was distributed on the phantom.
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Therefore, a significant reduction in TBBMD was found. When the same thickness
of soft tissue (on the trunk) was replaced with lard, no change was observed in
TBBMC. However, significant variations were found for area and TBBMD. The
discrepancy between the direction of the hardboard and lard thickness variation and
TBBMD variationmight be due to differences of fat content between the lard and the
hardboard.
The influence of fat on measurements of BMC by DPA (Hassager et al., 1989 and
Hangartner et al., 1990) and DXA (Hanssen et al., 1990; Charles et al., 1990 and
Hangartner et al., 1990) has been reported as a consistent over or under-estimation.
In these reports this local effect was re-produced by covering bone with a suitable
amount of alcohol or fat, implying that the over or under-estimation was caused by
fat adjacent to bone influencing the measurements. Using a DXA scanner (Hologic
1000W), Jensen et al. (1994) reported only minor changes in TBBMC when
volunteers were scanned with varying layers of lard. The TBBMC losses were much
larger in their patient group (51 obese patients). The patients went on a low calorie
diet and were re-scanned after 15 weeks. The authors concluded that the bone loss in
the patients could not be explained as an error in the method. They found on average
a 5.9% loss of TBBMC during the 15 week period. Malnutrition was not likely, as
the patients were on a recommended healthy diet. However, in their study they did
not mention the effect of lard on the area and TBBMD of the normal group, or
changes in those measured bone parameters for the patient group.
In the present study when lard was placed on the control volunteer's trunk and thighs,
in order to investigate the soft tissue influence, there were no significant variations
in the measured bone mineral parameters of any site. Our study confirms the results
of Jensen et al. (1994). The inconsistency between our in-vivo and in-vitro results
might be due to the construction of the semi-anthropomorphic phantom. However,
the in-vitro magnitudes of error was far less than the observed anomaly in the
subjects whose weight changed, and we found no valid explanation for the observed
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anomaly.
Another deficiency of the scanner was when bone densities of the various sites of the
body were measured with the various thickness of the aluminum, different sites
registered different bone densities for the same aluminum thickness. At higher
skeletal densities, the relationship between BMD and aluminum thickness was linear
for the various regions. However, at lower densities, BMDs of the various sites
reduced quite sharply and non-linearly. The measured bone densities were position
dependant. In addition the bone density thresholds were different for the various sites.
When the phantom was re-scanned without the aluminium, surprisingly the thoracic
spine and ribs registered some bone. When the legs rotated inwards,
TBBMC/TBBMD was under-estimated by about 4%. Therefore, there is a crucial
need for a consistent method ofpatient positioning in order to avoid the effects of leg
rotation shown in Figure 5.7. When the soft tissue thickness was altered the in-vivo
results showed no significant change in the measurement of any region. However, the
in-vitro measurements on the other hand, showed significant change in the
measurements of some regions/total with a change in soft tissue thickness and
composition. Therefore, errors may be introduced in regional body measurements
when the subjects undergo a weight change.
Using a DPA scanner (Lunar DP3) for total body bone mineral measurements,
Lindsay et al. (1992) confirmed results of Gallagher et al. (1987), showing no
reduction in TBBMC before the onset of the menopause (n = 74, 17-54 years). The
present study did not find any significant bone loss before the menopause either.
In order to overcome the anomaly observed in the measurement of total body bone
mineral, and also to reduce the biological variance in total body bone mineral
content, predictive equations based on structure size were derived. The SE of the
predictive equations were significantly reduced as a second variable was considered
in the multiple stepwise regression analysis. As an example for the prediction of
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TBBMC for subjects whose weight changed, the SE was significantly reduced from
262 g to 230 g, when a second variable, i.e. height was added to the only variable
(shoulder width). A CoV of 7% for TBI similar to the CoV of TBBMD
measurements was achieved. The difference between the anorexic patients and the
normal subjects for TBI was as significant as the difference in the spine BMD
between the two groups and more significant than the TBBMD. In addition, TBI
measurements were assessed as precise as TBBMC and TBBMD measurements.
In summary, the following conclusions may be drawn:
1. In normal subjects TBBMD showed significant correlations (P <; 0.01) with area,
weight and stature (Table 5.3).
2. However, TBI derived from TBBMC when normalised for body habitus
parameters no longer showed any significant correlation (P ^ 0.2) with body size.
3. TBI showed a higher difference between the anorexic and normal groups than
TBBMD and as high as the spine BMD (Table 5.5).
4. Precisions ofTBI and TBBMD measurements (Table 5.6) as well as their CoVs
(Figures 5.8 and 5.9) were comparable.
Therefore, studies of changes should be based on TBI measurements. Further studies




6.1 Osteoporosis and the role of DXA for bone mineral measurement
Osteoporosis is so common in older women that for many years it was accepted as an
inevitable result ofaging. Many thought that its early detection was of little value, based
upon the assumption that nothing could be done at that time. However, recently
increasing effort is being made to improve early detection, because early changes in life
style and therapeutic interventions may reduce the ultimate incidence of fractures. The
incidence of osteoporosis has almost doubled in the past 30 years. In 1990, according
to the WHO, 1.7 million osteoporotic hip fractures occurred in the west. Osteoporosis
is estimated to cause around 200,000 fractures in Britain alone each year and it costs the
national health service around £750 million per year to care for those people.
DXA could potentially offer many advantages for the assessment of the various sites of
the skeleton. The equipment is widely available and the precision obtained for the
conventional sites ofmeasurement suggested that precise measurements for the other
sites of the body could be achieved to allow progression and treatment of osteoporosis
to be monitored. Although DXA is widely used to assess bone mineral of the spine and
hip little use of the technique has been made to investigate other sites of the body.
Therefore, in this thesis appropriate measurers were made to use DXA in the hand, os
calcis and tibia. Total body DXA is generally available but anomalies have been
reported. These anomalies were investigated and an alternative method of assessing total
body bone mineral was developed.
6.2 Development of hand measurement
Rheumatoid arthritis (RA) is a progressive disease characterised by inflammation and
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swelling of the joints and the hand may become progressively more deformed. It was
therefore important to assess how changes in soft tissue and hand posture may affect the
measured bone mineral. However, there were various problems associated with the
measurement of hand bone mineral in RA patients which were thoroughly investigated.
The conventional protocols differ in terms ofpixel size, scan speed, linearity correction
factors and bone density threshold. Therefore, four DXA protocols as well as new
software were evaluated to establish the optimum method of measuring hand bone
mineral in RA patients. The linearity factors for the range of bone density and tissue
thickness appropriate to the hand, which are used to correct the effects of beam
hardening, were established for the Forearm and Spine acquisition protocols. The effects
of using a build up plate were evaluated. The effects of bone density threshold, soft
tissue thickness and hand posture on BMC and BMD were investigated using aluminum
tubes embedded in perspex. The most appropriate threshold was established.
A hand phantom was constructed and used to assess the precision of the various
methods as well as examining the suitability of threshold selection, by comparing the
known hand phantom area with the values determined by different bone density
thresholds. The hand phantom provides a convenient means of investigating various
protocols and assessing long term precision. In-vitro precision of the methods and,
therefore, their abilities to monitor changes with disease progression or treatment were
also assessed. Each method was allocated a score for the linearity, effects of soft tissue,
angles of deviation/inclination and height with respect to the scanner couch. Precision
and the time required to acquire a hand image were the two important factors for the
selection of the most appropriate method. The best score for the time factor was given
to two methods: (a) A method based on the Spine acquisition protocol, (b) the recent
software which was referred to as the Hologic Hand protocol. Both methods allowed
measurements in fast mode. The fast mode took half the time required for a performance
mode scan. The longer the scan time the more possibility of hand movement during the
imaging which had a direct adverse effect on the precision. Therefore, the various
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methods achieved similar scores.
In-vivo effects of bone density threshold were examined in order to minimise the
variations in hand bone mineral with posture alterations. In-vivo precision and the effect
of hand posture were assessed in a group of normal subjects. Prediction equations for
hand BMD and BMC in normal subjects were used to derive indices of hand bone
mineral which were then used to compare normal subjects and RA patients.
Excellent correlations between the measured parameters using the fast and performance
Hand method were found. Paired t-test on BMD measurements by the different speed
of fast and performance also revealed no significant difference between the two means.
Bland and Altman (1986) statistical method also confirmed a good agreement between
the performance and fast modes over the entire required BMD range. It is therefore
possible to perform scans in fast mode.
For the assessment of hand bone mineral, BMD measurement is recommended. Since
DXA measurements of other skeletal sites are expressed as an area density, it is more
appropriate to apply the same approach to the hand, and to normalise hand BMC for the
projected hand area (r = 0.90 P < 0.0001) giving an areal bone mineral density. This was
because of the following reasons:
(a) No significant difference between the precision of BMC and BMD was observed.
(b) No BMD variation with respect to the distance from the reference point (distal ulna
radius junction) was observed.
(c) Better separation between the RA and normals was observed.
(d) Use of BMC normalised by size, such as body height or weight, could also be
affected by disease related progression.
The Hologic Hand and the optimum 'developed' method show no significant difference
in terms of precision, linearity, soft tissue or posture dependency or separation ofRA
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and normal subjects. Since the Hologic Hand protocol is becoming widely available its
use is therefore, recommended (Salamat, 1996). Both the RA males and females had
significantly lower hand BMC and BMD (P ^ 0.01) than the normal people.
6.3 Assessment of os calcis
This study developed a technique for the measurement of os calcis (Salamat, 1998). In
order to compensate for the low soft tissue and bone equivalent of the os calcis
compared with the spine and forearm sites, appropriate linearisation values for the
methods of spine and forearm were established. A build up plate was used to obtain the
linearisation values for the spine method. The effect of soft tissue thickness was found
to be negligible. An os calcis phantom was constructed and used to assess precision and
the effect of size of region of interest (ROI) on the precision. In-vitro precise
measurements (CV = 0.4%) were achieved independent of the size ofROI.
The os calcis is a non-homogeneous bone, i.e. it is a bone with non-uniform density,
which may considerably affect the precision. It was therefore important to select
region(s) of interest with less variation in BMD. Therefore, a measurement point with
minimum variation in BMD with distance from the sole of the foot and the end of the
heel was established. This region is in the centre and flat part of the os calcis. Two
different ways of subject positioning were established for the patients' comfort. In-vivo
precise BMC and BMD measurements (CVM.1%) for two different regions of the site
which were referred to as "total os calcis" and "trabecular os calcis" were established.
To assess if the measurements of the different regions of the os calcis were reproducible
and not operator-dependent, the scans were analysed by two different operators. The
time required for an os calcis measurement was one-third of that for a spine/femur
measurement.
The reference values for total femur/neck of femur BMD, provided with the QDR
scanner, differed significantly from that observed in the National Health and Nutrition
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Examination Survey (NHANES) (Looker et al., 1995). Therefore, recentNHANES data
supplied by the manufacturer were used to calculate the total femur/neck of femur T-
score. The T-score for the two ROIs of the os calcis were also established. Patient's
BMD was classified according to the WHO criteria. In the present study high
correlations were found between the spine, neck of femur and the total femur with the
trabecular and total os calcis. However, despite moderate correlation between ultrasound
(US) parameters and femoral neck (Lees et al., 1993), US measurements at os calcis
predict hip fracture as accurately as femoral neck BMD does (EPIDOS) (Hans et al.,
1996). It has also been found in a large epidemiological study that os calcis BMD was
better than BMD of spine for the prediction of hip fractures (Gliier et al., 1996).
Therefore, it seems that the os calcis DXA measurement may have significant value for
the prediction of fractures and monitoring of therapy.
Using the T-score values, the number ofpatients defined as osteoporotic varied from site
to site. In addition, a combination of the total femur and spine diagnosed a higher
number of patients at risk of fracture. Therefore, a combination of the os calcis, total
femur and the spine measurements may identify a further number of
osteopenic/osteoporotic patients. Therefore, assessment of os calcis may predict risk of
fracture at other sites at an earlier stage. Moreover, ANOVA also confirmed that there
was no significant difference between the osteopenic/osteoporotic patients' T-scores for
the spine, os calcis and the femur.
In this chapter a number of previous published works using the various techniques were
compared with the present study. Except for the US technique, the main drawbacks of
the other techniques were either the long measurement time, poor reproducibility and
the requirement of a waterbath when the SPA technique was used.
Due to the following facts, it can be concluded that although it might have seemed that
os calcis measurement had limited value, this study suggests that a prospective study is
required to assess the DXA value of the os calcis for the prediction of risk of fracture
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at femur and spine:
(a) Short measurement time is required.
(b) Linear and precise results were achieved independent of soft tissue.
(c) A combination of the total os calcis, total femur and the spine measurements can
identify a higher number of osteopenic/osteoporotic sufferers.
Fan beam systems that allow lateral measurements with a better image quality can
significantly reduce the required imaging time and may further assure the patients'
comfort.
6.4 Assessment of lower leg
The assessment of the various regions of the lower leg (tibia/fibula), which contain
different proportions of trabecular and cortical bone was done by developing a method
which was based on the Whole Body acquisition protocol. The linearity of the method
was as good as the linearity of the Forearm and Spine methods. The effect of soft tissue
on BMD measurements was minor (less than precision) and the change in BMD per
centimetre soft tissue thickness variation was <; 0.41%. Using the Whole Body protocol
for the measurement of the lower leg showed high correlations (r > 0.995, p < 0.001) for
BMC and BMD measurements with the methods of Forearm and Spine.
The effects of the rotation of the legs on the measured bone mineral parameters of the
various regions of the lower leg were assessed; the minimum change in BMD with the
rotation of the legs was observed for the proximal lower leg. Precise BMD
measurements (CV s 1.4%) were achieved for the proximal and total lower leg.
In this study excellent correlation (r = 0.92, p < 0.0001) was found between the proximal
lower leg T-score and the total femur T-score (Table 4.4). This correlation was as strong
as the correlation between the femur neck/total femur and the proximal/distal lower leg
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BMD T-score. The correlation of the proximal lower leg T-score with the spine or femur
neck was very high and as close as the correlation between the spine and femur neck.
The diaphysis lower leg, which is predominantly cortical bone, showed a moderate
correlation with the spine, but a good correlation with the femur neck and a very good
correlation with the total femur (Table 4.4). Correlation of the total lower legs with the
spine and femoral neck was similar and agreeable with the report ofNordin et al. (1996).
The difference between the normals and osteopenic/osteoporotic patients was more
significant at the spine. However, the bone loss at the proximal/distal lower leg was as
significant as the bone loss at the femur neck/total femur. The least difference between
the two groups was observed at the predominantly cortical section of the lower leg and
the total body when normalised for age and weight.
The assessment of the proximal lower leg appears to be valuable due to the following
factors:
(a) Measurements were precise, linear and soft tissue independent.
(b) High correlations were observed for BMD measurement of the site between the
Whole Body/Forearm and Whole Body/Spine acquisition methods.
(c) A strong correlation was found between BMD T-score of the proximal leg and the
spine, and in particular between BMD T-score of the proximal leg and the total
femur.
(d) A similar difference in BMD T-score was observed between the normal and
osteopenic/osteoporotic group for the proximal lower leg, neck of the femur and
total femur.
6.5 Assessment of total body measurement
A method was developed by establishing an alternative index for total body bone
measurement. The study was designed to overcome anomalies in the measurement of
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changes in total body bone mineral during weight change. In subjects who underwent
a weight change, a change in total body BMC was related to a change in weight, but a
loss ofweight was related to an increase in total body BMD. This observation was quite
unexpected and, therefore, various experiments were performed in order to find an
explanation.
In-vitro effects of changes in weight and soft tissue composition were investigated using
a whole body phantom. When the soft tissue was reduced by 15% in thickness, the
BMCs of the regions were unchanged and therefore the total did not change
significantly; due to a significant increase in the measured area, TBBMD was reduced
significantly (P = 0.001). Similar results were found when a low density phantom was
used. When different amounts of lard were distributed on the trunk and thighs, no
significant change in the trunk BMD measurement was found. However, significant
changes in the measured bone mineral values of the legs (up to 4%, P = 1 x 10"6) were
found resulting in a significant reduction in TBBMD. When the same thickness of the
trunk soft tissue was replaced with lard, no change in TBBMC was observed. However,
significant variations were found for TBBMD due to the variations in area. The
discrepancy between the direction of the hardboard and lard thickness variation and
TBBMD variation may be due to the difference in fat content of the lard and the
hardboard.
In order to investigate the effects of changes in weight and soft tissue composition, lard
was placed on the control volunteer's trunk and thighs, but no significant variations in
the measured bone mineral parameters of any site were observed. Therefore, we found
no valid explanation for the observed anomaly. The inconsistency between our in-vivo
and in-vitro results may be due to the construction of the semi-anthropomorphic
phantom.
Other deficiencies associated with the method were that: (a) When bone densities of the
various sites of the body were measured with the various thickness of the aluminum,
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different sites registered different bone densities for the same aluminum thickness, (b)
At higher skeletal densities, the relationship between BMD and aluminum thickness was
linear for the various regions; however, at lower densities, BMDs of the various sites
reduced quite sharply and non-linearly. (c) The measured bone densities were position
dependant; in addition the bone density thresholds were different for the various sites,
(d) When the legs were rotated inwards, TBBMC or TBBMD was under-estimated by
4% (therefore, it is important to have a consistent method of patient positioning).
Furthermore, when a change in weight and soft tissue composition was investigated, in-
vitro measurements showed significant variations in the measurements of some
regions/total with a variation in soft tissue thickness and composition. Therefore, errors
may be introduced in regional body measurements when the subjects undergo a weight
change.
Using a DPA system for total body bone mineral measurements Lindsay et al. (1992)
confirmed results ofGallagher et al. (1987), showing no reduction in TBBMC before
the onset of the menopause. The present study did not find any significant bone loss
before the menopause either.
In order to overcome the anomaly observed in the measurement of total body bone
mineral, and also to reduce the biological variance in total body bone mineral content,
predictive equations based on structure size were derived. The SE of the predictive
equations were significantly reduced as a second variable was considered in the multiple
stepwise regression analysis. Two groups of anorexic and normal subjects were
compared for the spine BMD, TBBMD and TBI. The difference between the anorexic
patients and the normal subjects for TBI was as significant as the difference in the spine
BMD and more significant than the TBBMD (Table 5.5). Moreover, TBI measurements
were assessed as precise as TBBMC and TBBMD measurements (Table 5.6).
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In summary, for total body bone mineral measurement the following conclusions may
be drawn:
(a) In normal subjects TBBMD showed significant correlations with area, weight and
stature.
(b) TBI derived from TBBMC normalised for body habitus parameters no longer
showed any significant correlation with body size.
(c) TBI showed a higher difference between the anorexic and normal groups than
TBBMD and as high as the spine BMD.
(d) Precisions ofTBI and TBBMD measurements were comparable.
Therefore, due to the above reasons, studies of changes should be based on TBI
measurements.
6.6 Future studies
The main advantages of fan beam systems are reduced scanning time and improved
image resolution; precise hip and spine images can be acquired in about 1 minute.
However, some fan beam systems also allow lateral imaging of the supine spine. These
systems allow a faster and more convenient imaging than conventional pencil beam
systems; therefore, studies of the hand, os calcis and tibia can more thoroughly be
pursued. The values established for threshold and linearity corrections, and the
conclusions relating to optimum protocols, should also apply to fan beam systems. Fan
beam systems also can be assessed for the measurement of total body bone mineral.
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